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ABSTRACT
An electronic instrument is described which permits a reasonably
accurate non-invasive recording of the arterial pressure pulse in the
extremities. These recordings are calibrated by independent measure-
ments of systolic and diastolic pressure, and compare favorably with
direct intra-arterial measurements. The instrument has been used
clinically to study peripheral arterial dynamics in both healthy and
diseased arterial systems. In these studies it was found that the
pressure pulse is grossly affected by arterial disease. A computer
simulation of the arterial dynamics of the lower extremity was developed
to aid in the interpretation of our clinical observations; dog experi-
ments were also performed. Results indicate changes in the pressure
pulse contour distal to an obstruction are due to the dynamics of the
obstruction itself and also to an impedance mismatch between the larger
arteries and the peripheral resistance. The fluid mechanics of
intermittent claudication are also discussed.
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NOMENCLATURE
A cross-sectional area
A local area at reference pressure
BP brachial artery blood pressure (systolic/diastolic)
BPM beats per minute (HR)
c pulse-wave velocity (wave speed)
C segment volumetric compliance
CC control case
C compliance of arterial section surrounded by monitoring
cuff (6V /6p )a a
Cu vessel compliance per unit length (DA/3P)
CT volume compliance of tibial termination
D diameter
D clamp gap
Dco clamp gap (no obstruction)
f wall friction force per unit mass of blood
F approximate viscous coefficient in momentum equation
GAIN PPR electrical gain
HR heartrate (BPM)
Hz hertz (cycles per second)
i time notation for finite difference method
k entrance loss coefficient
K reflection coefficient (magnitude)
viii
KHz 1000 hertz
L length of obstruction
Ln(X) the natural log of X
Lu inertance per unit length (p/A 0 )
N spatial notation for finite difference method
p pressure
p mean pressure
pATM atmospheric pressure
Pa arterial pressure
Pc absolute cuff pressure
PCUFF cuff gage pressure (P C
pO reference pressure
PPR pressure pulse recorder
Pv venous pressure
PS systolic pressure
Q volume rate of flow
Q mean flow
QL leakage term in continuity equation
R leg peripheral resistance
R 1primary termination or branch resistance
R2 secondary termination or branch resistance
R H hypogastric resistance
R profunda resistance
p
RPR real peripheral resistance
RT tibial resistance also (R + R2) for general representation
t time
ix
u mean fluid velocity (1 - D)
V volume of air in cuff monitoring circuit of PPRC
V injected volume
V tube volume from an internal shut-off valve in the
PPR to the monitoring cuff
V2  tube volume from the shut-off valve in the PPR to
the syringe
x longitudinal distance
th th
denotes the value of X at the i time step and the N
spatial step
z 0characteristic impedance
ZT termination or load impedance
CL percent arterial area change per 50 mm-Hg at 100 mm-Hg
proportionality constant relating p to C
u
6pc cuff pressure change
6V volume change applied to cuff
6V a arterial volume change
6V c cuff volume change
6V xvolume change due to the expansion of the bladder
over a monitoring cycle
A relative amplitude of PPR traces
AP pressure drop across obstruction
APBL pressure loss due to developing boundary layer
in obstruction model
AP pressure loss due to contraction in obstruction
c model
APu pressure loss due to unsteady flow
AP expansion pressure loss
xAt time step for finite difference method
Ax spatial element for finite difference method
TI Womersley Frequency Parameter
Y ratio of specific heats
$ phase of reflection coefficient
P dynamic viscosity
v kinematic viscosity
w pulsatile or circular frequency
p fluid density
symbol used in the finite difference
method
0 symbol used in the finite difference
method
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I. INTRODUCTION
Arteriosclerosis is a term applied to a number of pathological
conditions in which there is thickening, hardening, and loss of
elasticity of the arterial wall. Atherosclerosis is a form of arterio-
sclerosis in 'Thich there are localized inflammatory lesions (atheromas)
within or beneath the intimal surface of the arterial wall. This condition
is thought to be due to general arterial wear and metabolic defect involving
lipids and lipoproteins (1,2) and is one of the common causes of arterial
narrowing and occlusion.
Arteriosclerosis is present to some extent in almost all adults
and can involve almost any artery, thus producing a variety of symptoms
and consequences. The most common examples of acute conditions include:
i) myocardial infarction - a portion of the heart muscle
becomes damaged because of interruption of its blood
supply by atherosclerotic occlusion, acute thrombosis,
or coronary artery embolism.
ii) stroke - the blood supply to portions of the brain is
suddenly reduced by cerebral arterial occlusion or
embolus.
iii) gangrene - the blood supply to a peripheral tissue mass
is reduced due to arterial occlusion and the tissue dies.
More chronic conditions include angina, transient cerebral ischemia, and
intermittent claudication.
In the last ten years options open to physicians for the treatment
of arteriosclerosis have increased at a rapid pace (3). Surgical revas-
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cularization is now possible in an increasing number of anatomical areas
ranging from the myocardium to the arteries of the lower limbs (4,5,6,7).
This has been possible through the development of prosthetic grafts,
techniques involving the removal of atheroma, and the use of vein segments
for arterial bypass (8). Drug and dietary treatment for high blood levels
of cholesterol and triglyceride, as well as hypertension have also been
expanded with success (9).
As these new procedures have become more common the need for early
and accurate evaluation of arteriosclerosis has become more acute, both
for the clinician and the research scientist.
Arteriography is the primary invasive technique for the diagnosis
of arteriosclerosis in man. It is performed by injecting radio-opaque
dye into an artery in the region of interest and taking roentgenograms of
the area. Figure 1 is an example of an arteriogram taken in a patient with
aorto-iliac disease. The procedure consists of inserting 18 gauge needles
in the common femoral arteries at the level of the inguinal ligament and
injecting 35cc of Renograffin-60R into each artery just prior to X-ray.
While this technique often provides the vascular surgeon with an arterial
"roadmap" there are a number of drawbacks:
i) The technique is expensive. It requires hospitalization
and is performed either in the operating room or in an
elaborate radiology suite. Typically two physicians, a
nurse, and an X-ray technician are required for an hour
with an aggregate cost, including hospitalization, of
approximately $500.
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ii) The procedure is uncomfortable for the patient,
producing varying degrees of pain during and
immediately following the dye injection. Many
patients describe arteriography as more of an
ordeal than the operation for which they are
being examined. In addition, the dye may produce
nausea and diuresis, and in some cases cannot be
used due to allergy.
iii) Hazards of the procedure are not uncommon and
include possible intimal damage to the artery at
the site of puncture, local artery thrombosis, and
hematoma in the region wiere surgery will be
performed.
iv) It is often quite difficult to interpret arteriograms
(10). Even when arteriograms have been taken in
two orthogonal planes lumen obstruction and hemodynamic
significance of the lesions are not clear.
v) The procedure cannot be performed repeatedly.
Since present non-invasive techniques have many shortcomings that
will be outlined in a subsequent section of this paper, new non-invasive
techniques for preoperative evaluation, monitoring during arterial
reconstruction, post-operative monitoring and assessment of arterial
condition after and during drug and dietary treatment are needed.
The rationale we have adopted to develop a new non-invasive
technique is based on the fact that arteriosclerosis produces pathological
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conditions such as increased arterial wall stiffness by calcified
deposits (Fig. 2) and decreased lumen area by atheromatous build-up
(Fig. 3) which in turn change the pressure and flow characteristics of
the arterial pulse. The effects of these pathological changes on the
arterial pressure and flow pulses will be discussed with the aid of
experimental and theoretical data.
In this investigation the diagnosis and analysis of peripheral
vascular disease in the lower limbs were chosen as the focal points.
This decision was made because of the prevalence of all forms of
arteriosclerosis below the renal arteries (11) and because arteries
of the lower limbs are accessible to different forms of diagnostic
measurement.
The first task in the research was to develop a device, referred
to here as a Pressure Pulse Recorder (PPR), that could be used non-
invasively to measure the pressure pulse at specific sites on the lower
extremities. The second step was to study the pressure pulse characteristics
recorded with the PPR in diseased and healthy arteries. In accomplish-
ing this, patients undergoing vascular reconstruction were studied pre-
operatively, intra-operatively, post-operatively, and during office
follow-up examinations during an 18-month period. Results provided by
the PPR were compared to arteriograms, surgical findings, and clinical
information.
To aid in the interpretation of measurements made during the
clinical studies a computer simulation of the arteries of the lower
extremities extending from the iliac bifurcation to the tibial vessels
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was developed. The major requirement of the model was to accurately
mimic the pulse propagation along the arteries. Relevant physiological
data were obtained and used in the model. When a control case
corresponding to a normal healthy individual was defined, the arterial
elasticity, reflection coefficients, and other circulatory parameters
were varied and their effects analyzed with the model. In addition
various degrees of obstruction were introduced in the simulated arteries.
Verification of model results were obtained from human data and dog
experiments.
In summary, this report describes:
i) the development of an instrument to non-
invasively record the pressure pulse on
the lower extremities.
ii) the measurement of arterial pressure
pulses in diseased and normal arteries.
iii) the interpretation of observations of the
arterial pressure pulse by means of
computer simulation of arterial dynamics.
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II. PRESSURE PULSE RECORDER-DEVELOPMENT AND DESCRIPTION
The development of the PPR was prompted by the fact that no
adequate non-invasive instrument was available for the measurement
and recording of arterial pressure pulses in the extremities.
2.1 Current Non-Invasive Devices
The examination of a patient for an arterial abnormality
generally includes symptomatology, pulse palpation, auscultation
by stethoscope (bruit location), as well as observations such as limb
pallor, temperature, and capillary filling.
In addition to the stethoscope as previously mentioned there
are some other non-invasive instruments currently in use.
The oscillometer (12,13) is the oldest of the devices used
specifically to aid in the diagnosis of vascular problems. It
consists of two small overlapping blood pressure cuffs and a mechanical
pressure transducer. When its sensitivity is adequate, it provides a
qualitative indication of limb volume pulse with its output read on an
aneroid gage. It is highly qualitative, cannot be standardized,
provides no contour information, provides no permanent record, and in
most cases is not sensitive enough to distinguish all but the most
obvious peripheral vascular abnormalities. It is, however, easy to use
and inexpensive.
In recent years the transcutaneous Doppler ultrasonic blood-
velocity detector (14,15,16) has gained popularity among vascular
surgeons (17,18,19,20,21,22). The Doppler velocity detector can detect
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the presence of blood flow in arteries and can be used in conjunction
with the cuff occlusion method to accurately measure systolic blood
pressure in the lower limbs. With the Doppler velocity detector in
its present form it is virtually impossible to obtain transcutaneously
any quantitative measurement of blood velocity because the angle
between the ultrasonic beam and the vessels is not known accurately
and cannot be maintained.
Two other instruments deserve mention. They are the mercury-in-
silastic strain gage (23,24) and the impedance segmental plethysmograph
(25). The mercury-in-silastic strain gage measures the change in limb
or digit circumference. The impedance segmental plethysmograph measures
impedance changes in a limb segment secondary to pulsatile blood
volume changes. Both of these devices do produce hardcopy readout and
contour information, however, they cannot be standardized and produce
traces with high noise content. For these reasons they are not of great
use in diagnosis or in following the state of the peripheral vascular
system.
2.2 The Pressure Pulse Recorder
The following sections describe an instrument that produces a
reasonably accurate recording of the arterial pressure pulse at various
sites on the extremities. This instrument records the segmental limb
volume displacement due to the passage of the arterial pressure pulse.
With the aid of some experimental work including in vivo simultaneous
measurement of intra-arterial pressure and non-invasive pressure pulse
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recordings an operating procedure was developed such that the
pulsatile volume displacement is approximately proportional to the
arterial pressure pulse. The trace can be calibrated by two independent
pressure measurements of systolic and diastolic pressure and the
instrument constitutes then an arterial pressure pulse recorder (PPR).
For screening purposes the instrument is essentially used to
compare the pressure pulse amplitudes recorded at different locations
along the two legs (at the thigh, calf and ankle). If the amplitudes
are different in the two legs, this is interpreted as the presence of
an obstruction proximal to the monitoring site in the leg which has the
smallest amplitude. A sharp amplitude drop in the same leg between two
sites is also indicative of a block. For monitoring, a comparison of
the pulse amplitudes recorded before and after revascularization provides
a verification that surgery has improved peripheral circulation.
Although pulse amplitude by itself provides important information,
it is logical to assume that additional information can be extracted
from the entire pulse contour. For this reason, it is important that
the recording represent as accurately as possible the true arterial
pressure pulse. The accuracy of this instrument rests on an optimum
design of the electronic components permitting a large amplification of
the signal and the use of low cuff pressures.
2.3 Description and Operating Procedures
The PPR (Fig. 4) consists of two non-overlapping air-filled
*
cuffs , one for pressure monitoring and the other for occluding the
* manufactured by W.A. Baum, Co., Copiague, New York.
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artery for calibration purposes. These cuffs consist of a neoprene
bladder (13 cm wide, 23 cm long) covered by a semi-rigid nylon-velcro
band. When recordings are made at the thigh a larger cuff (18 cm wide,
35 cm long - bladder size) of the same material is used. The monitoring
cuff is connected by stiff latex tubing to a pressure sensitive
transistor (Pitran - 0.1 psid series). The Pitran is a silicon IPN
planar transistor with its emitter-base junction mechanically coupled
to a diaphragm. A differential pressure applied to the diaphragm
produces a large, reversible change in the gain of the transistor which
has a uniform frequency response up to 150 KH z. Figure 5 provides
additional technical data on the Pitran, while a diagram of the layout
is represented on Fig. 6. The instrument is compact and self-contained
and can be operated by paramedical personnel after a brief training
period.
The other electronic components of the PPR are:
i) A sample-and-hold circuit operating in closed-loop
fashion to maintain the proper operating point for
the pressure sensor.
ii) Logic circuits to configure the 120 volt AC solenoid
*
valves according to the mode selected by the operator.
iii) A dual-limit comparator to detect and correct for
excessive differential pressure applied to the sensor.
iv) A panel switch to provide DC-coupled or AC-coupled
output to the chart recorder with a sensitivity
selected by the operator.
* Skinner (B-model, subminiature), Skinner, Co., New Britain, Conn.
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v) A peak-to-peak detector to provide an indication
of relative pulse volume on the panel meter.
Detail electrical drawings and specifications are provided in Appendix
C. This appendix was prepared by the Medical Engineering Company,
Mansfield, Massachusetts.
Either cuff can be connected to an aneroid pressure gage which
serves to measure the mean cuff pressure. A built-in syringe is used
to introduce a definite volume of air at atmospheric pressure into
the bladder of the cuff (generally 75 ml for the arm, ankle and calf
cuff and 200 ml for the thigh cuff). The band around the bladder of
the cuff is used to adjust the pressure in the monitoring cuff to a value
sufficient to insure close contact with the skin, but well below
diastolic pressure. The proximal cuff is open to atmospheric pressure.
The passage of the arterial pulse causes the segmental volume of the
limb surrounded by the cuff to change. The changes in limb volume are
absorbed by the bladder which is contained by the semi-rigid band. The
cuff pressure fluctuations caused by the cuff volume changes are trans-
formed into electric signals by the transistor. The output signal is
displayed on a convenient recording device (an ECG recorder is adequate).
2.4 Measurement of Systolic and Diastolic Pressure in the Lower Limbs
To permit maximum use of the chart width and provide stable
recordings, the instrument is AC-coupled with a time constant of 1 sec.
As a result the pressure trace is centered on the chart and the
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location of zero pressure is not known. It is therefore necessary to
calibrate tlhe pressure scale by measuring independently the systolic
and diastolic pressures at the site of the recording. This calibration
is made with an occlusion cuff placed proximally. A typical measurement
of systolic and diastolic pressure with the PPR for the brachial
artery is shown in Fig. 7. The pressure in the occlusion cuff is raised
above systolic pressure (no oscillations in the monitoring cuff) then
is slowly lowered until the pressure in the monitoring cuff starts to
fluctuate. The systolic pressure is read from the aneroid gage at the
onset of the pressure fluctuations in the monitoring cuff. As the
pressure is lowered in the occluding cuff the oscillations in the monitor-
ing cuff grow in amplitude and generally overshoot the control value
obtained when the pressure in the occluding cuff was zero. At the
point the oscillations reach a maximum diastolic pressure is read as the
pressure in the occluding cuff. Although the cuff pressure at which
oscillations reach their maximum amplitude does not rigorously correspond
to the diastolic pressure, a study illustrated in Fig. 8 has indicated
that it provides a convenient and reasonably criterion for diastolic
pressure especially if the venous return is not interrupted for a long
period. This figure gives a comparison of systolic and diastolic
pressures obtained by the occlusion and auscultatory methods in the
brachial arteries of 13 healthy volunteers using standard blood pressure
cuffs 13 cm in width. As suggested by Karvonen et al. (26) the diastolic
pressures indicated by the auscultatory method have been decreased by
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7-8 mm-Hg. This correction generally brings the diastolic pressure in
closer agreement with those indicated by the PPR. The systolic pressures
determined by the PPR are consistently higher than those obtained by the
auscultatory method, but the difference is small. Systolic and diastolic
pressures obtained by the PPR have also been compared with pressures
measured by cannulation of the radial and common femoral arteries at
surgery and during arteriography, respectively. The agreement was very
similar to that presented in Fig. 8.
2.5 Dynamics of the Air in the Cuff
To aid in the development of the PPR operating procedure and the
interpretation of its recordings it was important to understand how the
pressure of the air in the cuff related to the arterial pressure. In
order to accomplish this a number of experiments were performed in
addition to analysis.
First, consider the constant mass of air in the cuff at an
absolute pressure p c in a volume V . Further, if it is assumed that
the gas undergoes an isentropic process the following equation may be
written
p V = const [1]
where y is the ratio of specific heats (for air, y = 1.4).
To test the validity of the isentropic assumption the pressure
measuring components of the PPR were connected to a rigid cylinder (50 ml
volume). Also included in the pneumatic circuit was a small piston-in-
cylinder pump with a 1 ml stroke volume. The pump was used to oscillate
the total volume of the system at various frequencies while measuring the
pressure changes. It was found that at frequencies from 0.25 Hz to 20 Hz
(highest frequency tested) the pressure amplitude remained constant. The
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pressure amplitude increased approximately 34% gradually from zero
*
frequency (isothermal) to 0.25 Hz. This experiment suggests that in the
range of frequencies encountered in clinical use (0.50 to 1.5 Hz) the
air in the cuff undergoes an isentropic process, changing from isothermal to
isentropic between zero and 0.25 Hz. The heat transfer characteristics
of the bladder may be different than the rigid cylinder due to geometry
and material differences. This is discussed in a later section. Also, it
will be shown later that the identification of the process is not critical
to the analysis as its effect is to be combined with the elastic expansion
of the cuff. Since the volume excursions in the cuff are a small fraction
(2% max) of its mean volume, Eq. [1] can be differentiated to give
6p = c 6V [2]6Vc - c
C
where p c and Vc have been replaced by their time-mean values PC
and V respectively. The time-mean volume V is also a function of
cuff pressure and the injected air mass. If the initial volume of air
injected at atmospheric pressure (pATM) is V1 , the volume of air in
the cuff is defined by Eq. [3]
- ATM (V + V + V2  2 [3]
Here V is the tube volume from an internal shut-off valve in the PPR to
the monitoring cuff; V2 represents the tube volume from the shut-off valve
to the syringe. In the prototype built V1 and V2 are 21 and 22 cc,
respectively. The compression of the injected air is assumed to be iso-
thermal since it subsists for a long period of time, much longer than 4 sec
(0.25 Hz).
*
These results are plotted in Fig. 8a.
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Combining Eqs. [2] and [3] we find
- y6V 12
6pC = c C [4]
(p ~ATMC (V + V1 +V) - V 2 )
To investigate the validity of Eq. [4] another experiment
was performed. The monitoring cuff was connected to the PPR electronics
with a 1.0 ml syringe also in the pneumatic circuit. The syringe was
used to change the total air volume in increments of 0.25 ml from
0.25 ml to 1.0 ml at different cuff pressures and initial injected
volumes. Cuff gage pressures of 20,40,60,80 and 100 mm-Hg were used with
injected volumes of 25,50,75 and 100 ml. The results of this experiment
indicated that the bladder constrained by the nylon-velero band is
not inextensible, but instead expands with pressure over a monitoring
cycle. The edges and corners of the bladder which are not constrained
by the cuff may move and make additional volume available. The actual
volume change of the air in the bladder 6V is calculated from the
measured pressure change using Eq. [4]. Then the volume 6V due
to the expansion of the cuff is defined by
6V = 6V - 6V [5]
x c
where 6V is the volume change applied to the cuff.
Figure 9 illustrates how the ratio 6V /6V varies with mean
cuff pressures and injected volumes. It is interesting to note that
the extrapolation of the measurements to p + 0 leads to 6V = 6Vc x
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and that even at high cuff pressures the expansion is still present,
but to a lesser degree as the bladder becomes stiffer. The fact that
wrapping an inextensible band around the cuff does not change the
results suggests that end effects, not the stretching of the bladder,
is the dominant factor. This observation suggests that the sensitivity
of the instrument may be considerably improved by designing a cuff which
absorbs all the limb volume change. Including the results of the
preceding experiment we rewrite Eq. [4] as
6V
-y6V(l - x
OC C (PATi4'c (VI + V1 + V2 - 2) [6]
[ ]
The next step in the analysis is to assume that the volume changes of
the limb caused by tae passage of the pressure pulse are proportional
to the changes in the arterial volume 6Va encompassed by the cuff.
We write
6V = 6V = C 6 p [7]
a a a
where C = 6V a/6p is the compliance of the arterial section
a a a
surrounded by the cuff and pa denotes the arterial pressure.
Combining Eqs. [6] and [7]
6V
YCa6pa(
6p = a a [8]
( ATM c (VI+ V +V2 2
Pc
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Since 6V /6V is approximately independent of 6V , it follows from
Eq. [8] that if Ca remains constant the variations in the cuff
pressure are proportional to the variations in arterial pressure and
the output of the pressure sensitive transistor will yield a good
representation of the arterial pulse contour. The critical experiment
to test the accuracy of this analysis is of course the comparison with
direct intra-arterial measurements.
2.6 Comparisons with Intra-Arterial Measurements
To verify the accuracy of tue pressure pulse contours produced
by the PPR, recordings were compared with direct intra-arterial pressure
measurements taken at the same location. Five comparisons on different
subjects prior to surgery were performed by placing the PPR monitoring
cuff around the forearm while simultaneously recording radial artery
pressure with a cannula (the radial cannula had been placed for
surgical monitoring purposes). The transducer used for all the direct
pressure measurements was a Hewlett Packard Model 267 BC. The cannula
was an 18 gauge needle connected to a 2 foot length of rigid wall
catheter. All comparisons yielded the same degree of agreement, even
though patient size, weight, and age were in general different. Figures lOa-
lOe show comparisons made at the radial artery with recordings taken
externally in the same arm with various adjustments of the mean cuff
pressure. Only the recordings for 30 (lowest value for good bladder
contact) and 100 mm-Hg are shown as the traces corresponding to inter-
mediate values fall between these two limiting curves. Since the
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purpose is to compare the contours only, the recordings have been re-
drawn and scaled to the same amplitude. Five additional comparisons
were made during arteriography with the PPR monitoring cuff placed high
on the thigh while simultaneously recording common femoral artery pressure
via a cannula. In all cases, no arterial block was present in the short
distance between the cannula and the cuff. Figures lla-lle illustrate
comparisons taken at the thigh after appropriate scaling. Further studies
at the calf were made during arterial reconstruction by introducing a
catheter down the popliteal artery. The results showing identical
trends as illustrated by Figs. 10 and 11.
The results of our studies indicate that the smaller the cuff
pressure, the closer the PPR recording is to the true pressure contour.
We postulate, since the presence of the cuff reduces the transmural
pressure in the artery beneath it, at high cuff pressure, the nonlinearity
of the arterial pressure-volume relationship (27) produces a marked
distortion in the recorded pulse contour. The distortion is proportionally
larger in the diastolic part of the pulse. Viscoelastic effects present
in the tissue and arterial wall also probably distort the PPR traces.
However, the cuff pressure must be sufficient to produce adequate
contact between the bladder and the skin. A cuff pressure of 30 mm-Hg
provides good bladder contact and still gives a reasonably good agree-
ment with intra-arterial measurements.
In another study we changed injected volume while holding cuff
pressure constant over a range of 20 ml to 125 ml. The results indicate
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that the injected volume in the cuff does not alter significantly the
pressure pulse contour [see Fig. 12] and that the injected volume in the
cuff may be lowered as low as 20cc if a larger signal is desired without
danger of distorting the pulse contour.
2.7 Frequency Response
The frequency response of the complete device (cuff and
electronic circuit) was tested by connecting a liquid-filled bladder
to a small piston-in-cylinder pump producing a sinusoidal change in
volume in the bladder. This bladder was strapped around a rigid
plastic cylinder and surrounded by the air-filled monitoring cuff of
the device. The action of the pump produced oscillations in the
volume, and consequently in the pressure of the monitoring cuff. The
amplitude of the air pressure oscillations in the cuff remained constant
from 0.25 Hz to 20 Hz (as in the rigid cylinder experiment). The
natural frequency of the cuff and electronic system was determined
to be approximately 55 Hz by sharply tapping tae monitoring cuff and
measuring the frequency of the vibration from the trace (28). Two
important conclusions may be drawn from these observations. First, the
frequency response is sufficient for monitoring the pressure pulse since
a frequency response of 20 Hz is considered to be adequate (29).
Secondly, we have an experimental confirmation of the assumption that
the pressure pulse compresses the cuff isentropically. If the
compression was isothermal (or at least non-adiabatic) at the usual
heart frequency, it would certainly become adiabatic at higher frequencies
(between 0.25 and 20 Hz) when the duration of each cycle is too small for
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heat transfer to occur. If this was the case the change in the
coefficient y in Eq. [2] (from 1 for isothermal compression to 1.4
for adiabatic compression) would cause a 40% increase in cuff pressure
amplitude over the frequency range.
In summary, it has been established that the readings produced
by the PPR are reasonably close to the actual arterial pulse contour
if the pressure in the cuff is at 30 mm-Hg or below.
Sample recordings taken at the brachial artery, forearm, thigh,
calf, and ankle of both upper and lower extremities in a healthy
subject are shown in Fig. 13.
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III. CLINICAL STUDIES AND OBSERVATIONS
Two Pressure Pulse Recorders were constructed and tested at the
Fluid Mechanics Laboratory at M.I.T. The conceptual design and general
construction were performed by the author. The electronic circuits were
built by the Medical Engineering Company of Mansfield, Massachusetts.
When the units had undergone sufficient laboratory testing they were
transferred to the Massachusetts General Hospital. One unit was placed
in the office of R. Clement Darling, M.D., for initial patient evaluation
and follow-up. The other unit remained in the hospital to be used for
in-patient pre-operative, intra-operative, and post-operative studies.
The plan included studying as many patients as possible undergoing
vascular reconstruction and comparing data obtained with the PPR with
results from current methods. In the course of an 18-month period over
200 patients were examined with the PPR.
The clinical PPR examinations include:
i) the measurement of systolic blood pressure at
the brachial artery, thigh, calf, and ankle
at rest in all extremities.
ii) recordings of thigh, calf, and ankle pressure
pulse contours in both legs at rest.
iii) noting the presence or absence of femoral,
popliteal, and pedal pulses.
iv) patients were asked to walk at their normal
rate until claudication occurred or 200 yards
was reached; immediately (generally within 20 sec.)
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upon completing walking, recordings were
taken at the ankle; the maximum walking
time and character of the recordings and
pressures after exercise were measured
(a treadmill is now being used).
v) other pertinent clinical information was
recorded such as absence or presence of
rubor and bruits, as well as, limb skin
temperature.
A wide spectrum of vascular disease was encountered: aneurysmal
and occlusive disease of the aorta and distal vessels, vasospastic
disease, and occlusive disease of the upper and lower extremities. The
following cases are given to illustrate how the PPR data were used, and
how they correlated with the clinical and angiographic findings.
3.1 Case Studies
The first case was a 50 year old female (YW) presented with
sudden onset of claudication of the right calf radiating to the thigh.
All pulses were palpable in both lower extremities. Figure 14 is a
comparison of the angiographic findings and the resting pre-operative
PPR examination. On the right side the pulse amplitudes [A] were
severely reduced despite palpable pulses at rest. A 60 mm-Hg systolic
pressure difference (measured with the PPR using the occlusion method)
was present between the brachial artery and the right femoral artery.
No difference was present on the left side. Her claudication developed
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on the right side after walking 150 yards in 1.5 minutes. Figure 15
shows the pulse amplitude at the right ankle became flat and required
2.5 minutes after ceasing exercise before returning to the normal
resting level. The pulse amplitude at the left ankle actually increased
after exercise and returned to normal after a short period of time.
Figure 16 shows that, after insertion of an aortoiliac bifurcation
graft, the pulse amplitude in the lower extremities were equal. In
addition, no pressure difference in systolic pressure between upper and
lower extremities could be demonstrated. Figure 17 shows that, post-
operatively, after exercise no diminution in pulse amplitudes at the
ankles were present. Actually the pulse amplitudes in the ankles
increased twofold with exercise.
The second case [KN] was a 65 year old stockbroker, a heavy
smoker, and diabetic for 25 years. He presented a long history of
bilateral calf claudication and threatened gangrene of toes on the right
foot. Good femoral pulses were the only pulses palpable. Pre-operative
findings are presented in Fig. 18. The PPR examination suggested severe
ischemia on the right side with a 70 mm-Hg difference in systolic
pressure between the brachial artery (left arm) and the superficial
femoral arteries in both legs. The patient was not asked to exercise
because of the threatened gangrene of the right foot. The diagnosis of
bilateral superficial femoral occlusion with tibial vessel involvement
was made and confirmed by arteriogram. Figure 19 illustrates the findings
of the examination following insertion of a femoro-popliteal saphenous
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vein bypass graft in the right leg. No vascular reconstruction was
performed in the left leg. The pulse amplitude increase on the right
side is evident by examining pre- and post-operative traces (Figs. 18
and 19). In addition, the systolic pressure differences between the
brachial artery and the superficial femoral artery on the right side
was reduced from 70 mm-Hg to 10 mm-Hg. Figure 20 shows the results
after walking the patient 100 yards in 2.5 minutes. Note the left
ankle pulse amplitude goes to zero and requires three minutes to return
to normal. Following surgery claudication was no longer present at
the right calf.
The object of the third case is to emphasize the application of
monitoring with the PPR during vascular reconstruction. The patient
(TB) was a 62 year old male, ex-smoker presented with a 10 cm abdominal
aortic aneurysm, right superficial femoral occlusion, and left iliac
obstruction secondary to the aneurysm. Prior to surgical preparation,
blood pressure cuffs used with the PPR were placed at the calf level
of both legs. At the beginning of surgery, readings were taken at the
right and left calves (the device is placed at a convenient location in
the operating room and the air hose from the cuffs connected to the
electronics). These pre-operative readings along with the remaining read-
ings of this study are given in Fig. 21. With the aneurysm resected and
the left anastomosis completed, a recording was taken as the clamp was
removed from the left iliac limb. At this point, as illustrated, a 33 mm
relative pressure pulse amplitude was recorded at the left calf. When the
right anastomosis was completed and the clamp removed, the pulse amplitude
remained zero at the calf although the pre-operative recording was 8mm. A good
femoral pulse, however, could be felt on the operating table. Due to the
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superficial femoral artery occlusion no palpable pulses were expected
below the femoral level after surgery. The PPR provided a non-invasive
method of immediately evaluating the reconstruction. The common
femoral was explored and a thrombus removed at the profunda femoris
level. When this was completed the recorded amplitude at the right
calf was 10 mm. The remainder of the procedure was uneventful and
angiography was notnecessary.
In addition to the frequent vascular conditions previously
described the PPR was used in other less common clinical situations.
PPR examinations were requested by the Pediatric Service for two infants
because of suspected coarctation of the aorta (conventional blood pressure
measurements had not proved useful). In the first case a 50 mm-Hg
systolic pressure difference between the upper and lower limbs confirmed
the diagnosis, and further study was warranted. In the second case no
systolic difference was present and the child was discharged. In three
cases involving the catheterization of very young children the PPR was
used to look for the complication of femoral artery thrombosis. When the
examinations proved positive, thrombectomy was performed in all three
cases. The device was used for intra-operative monitoring and post-
operative follow-up as well. In one case the thrombectomy was not
successful and the child was examined at regular intervals over a two week
period and released when the device indicated adequate collateral circula-
tion had developed. In two cases the PPR was used for verification of
thoracic outlet syndrome. Angiography had not proven decisive in either
case. In one case the syndrome was convincingly demonstrated by near
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zero PPR amplitudes when the patient extended her neck and arms to the
point of pain. In the other case no arterial changes occurred with
position, the symptoms later found to be of neurological origin only.
During the clinical evaluation period the PPR was demonstrated
to be consistent in the monitoring of arterial pressure as shown by
the following examples.
A patient (RS) was examined four times with the PPR over a
nine month period. he was followed for general atherosclerotic disease
after a carotid endarterectomy was performed. Figure 22 illustrates
the PPR traces at the left calf using the same cuff pressures and
volumes during the period of study. The consistency of the PPR traces
is confirmed by the patient's clinical evaluation regarding the
peripheral arterial system of the lower limbs. It is important to
note that the PPR traces were not affected by seasonal temperature
variations. All recordings were taken in a standard examination room
with no special temperature control.
A patient (JA) was examined seven times with the PPR over a
twelve month period following insertion of an aorto-femoral bypass graft
(Fig. 23). On the fourth visit it was found that the left limb of the
graft had occluded. The amount of collateral circulation after occlusion
may also be assessed from these traces.
In a series of seven patients in which one extremity (upper or
lower) was grossly enlarged while the extremity on the other side
remained normal in the absence of arterial disease on either side, it
was concluded that, when properly applied the PPR will produce virtually
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identical traces on the left and right limbs. An example is patient
(BH) who developed lymphedema of the left arm following an automobile
accident. The circumference of her left upper arm was twice tnat of
the right arm. Figure 24 shows that recordings taken at the left and
right brachial artery at the same cuff pressure and injected volume
are almost identical. From this series of patients we concluded that
edematous tissue does not appreciatively alter the contour or
amplitude of the PPR recordings.
3.2 Pressure Pulse Contours
In addition to pressure pulse amplitude changes, there are
distinct alterations in the pressure pulse contour with peripheral
vascular disease. Figure 25 shows recordings taken at the right calf
of three healthy athletic young men. Note the sharp rise and fall of
the pulse during the initial phase followed by a distinct wave in the
latter half of the trace. For reasons to be explained later this wave
will be referred to as a reflected wave.
Figure 26 presents recordings taken at the right and left ankles
of a 50 year old male (WP). This patient had an occlusion of the left
superficial femoral artery and complained of claudication at 50 yards.
His right leg was asymptomatic and the corresponding ankle recording
was relatively normal. At the left ankle the systolic pressure was
reduced by 15 mm-Hg, in addition this contour is considerably different.
The upstroke was sharp, however, the descending phase of the curve was
slow and the reflected wave was absent.
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Figure 27 illustrates recordings taken at the right and left
calves of a 30 year old female (MM). This patient had a long standing
right common femoral artery thrombosis which was caused as a result of
a left heart catheterization. Te left femoral artery was normal.
Right calf claudication was present after walking 100 yards and pain
radiated to the thigh with continued exertion. The contour changes
seen in this case are similar to the changes observed in the preceding
case.
It is beyond the scope of this work to make a detailed analysis
of all the parameters and situations that have been dealt with during
the clinical studies. However, regarding the contour of the pressure
pulse, certain changes deserve attention. In all cases when significant
occlusive disease was present a reflected wave was never observed distal
to the obstruction. Instead, traces similar to those of tne symptomatic
side in Figs. 26 and 27 were found. In older persons the reflected wave
was often not present, however, in these cases when the vessels were open
a rapid rise was noted along with an exponential pressure decay. This
is in contrast to the patient with arterial occlusion where the rate of
pressure rise distal to occlusion is reduced and the pressure decay slow.
Blood pressure levels and palpable pulses are often normal at rest
in patients with significant peripheral vascular disease; in this case
the only indication of an abnormality at rest is the shape of the pressure
pulse contour. However, if significant occlusive disease is present the
muscle mass distal to an obstruction will not be adequately perfused when
the patient exercises. This inadequate perfusion causes claudication and
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pressure reduction. This pressure reduction (both mean and pulse
pressure) results in decreased recordings distal to the muscle mass
as demonstrated in Figs. 15 and 20. To determine what happens to the
recordings in the normal individual with exercise, healthy athletes
were examined before and after running. Typical results are presented
in Fig. 28. The recorded amplitude increases with exercise and returns
to normal shortly after ceasing exercise. In addition, the reflected
wave is no longer present directly after exercise, but returns with
time. Post-exercise examination with the PPR is helpful in monitoring
the state of the peripheral vascular system under stress.
In summary, the PPR traces provide consistent information with
regard to the state of the peripheral vascular system, and can be
used to follow patients over extended periods of time. PPR recordings
taken after exercise may reveal vascular abnormalities that would not
be detected in the resting state. In addition, the device has been most
helpful for intra-operative monitoring during vascular reconstruction (30).
Finally, arterial occlusions can be detected by contour and amplitude
changes in the distal pressure pulse.
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IV. kATHEMATICAL MODEL OF ARTERIAL FLOW
Since the pioneering work of Frank (31) in 1899, numerous
electrical, mechanical and computer simulations of the arterial
system have been attempted, all aimed at a better understanding of
cardiovascular dynamics. An extensive survey of mathematical models
is given by Noordergraaf (32). Lost of these simulations require that
some restrictions be placed on the geometric and elastic properties
of the arterial system as required by the electrical components them-
selves or by linearization of the equations of a computational model.
This section presents a convenient and economical method of calculation,
based on a finite difference technique, for a one-dimensional pulsatile
flow in a network of elastic tubes naving arbitrary geometric and elastic
properties. As more data on the dimensions and the compliance of
arteries become available this method makes possible more realistic and
more accurate models of the arterial system than can be done with
electrical and other linearized models.
Our own observations reported in Cnapter 3, as well as those of
otilers (33,34) have shown that a patient afflicted with severe vascular
disease has a peripheral pressure pulse markedly different from tnat of
a healthy person. The ultimate goal of the arterial model and method
of calculation described in this section is to aid in the diagnosis of
peripheral vascular diseases such as thrombosis and atherosclerotic
plaque formation, starting from observations of the shape of the pressure
pulse contour, such as those taken with the PPR.
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In order to be able to make accurate diagnoses from computed
pressure pulse contours these contours must be free from artifacts
resulting from the model itself or from the computational techniques
used. Therefore the choice of the model, its degree of complexity, and
the computational scheme of solution, are all crucial to the method.
The model cannot reproduce the complete arterial tree, not only because
the mathematical complexity and the computation time would be enormous,
but also because physiologic data on arteries are still too limited to
permit a model of great detail. It is clear tnat a compromise must be
sought and tnat the different options availaule for describing the blood
flow and tue arterial tree must be tried and compared against each other
in order to arrive at the simplest model which still describes reliably
the shape of tne pressure pulse as it propagates into the peripheral
arteries.
The arterial models proposed in the past have ranged from
electrical analogues made of lumped elements to elaborate mathematical
models with continuously distributed properties. The lumped-element
models are adequate for studying the relations between cardiac output
and peripheral load, but, because of the small number of lumped-elements
present, they cannot mimic the high frequency behavior of the cardio-
vascular system. An important step towards more versatile and more
realistic models was the discovery that the linearized one-dimensional
equations of a flow in an elastic tube are formally identical to the
telegraph equations [Landes (35]; thus the theoretical literature of
electrical engineering on transmission lines could be immediately applied
to the dynamics of the arterial system.
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Although the models based on the transmission line analogy can
be made to yield a qualitatively correct behavior of the pressure
pulse, they all possess intrinsic limitations due to their linearity.
On tiie contrary, the fluid mechanical equations are nonlinear because
of the term for the convective fluid acceleration in the equations of
motion, and, even more importantly, because of the dependence of the
compliance and cross section on pressure. Solutions to the nonlinear
equations for certain physiological states can be drastically different
from solutions of the same equations once they are linearized. This
has been illustrated by Miickisz (36) and in recent papers by Rockwell
(37) and Raines et al. (38).
4.1 Governing System of Equations
In this analysis, tne pressure and velocity are assumed to be
uniform over the entire arterial cross section. This is an approximation
to real arterial flow and means that we are considering spatial
average values of thIe dependent flow variables at each cross section.
In making this assumption it is implied that the boundary layers are
thin and that the streamlines are almost straight. We must, therefore,
exclude small arteries as well as those with bends or rapid changes in
cross section. In pulsatile flow the thickness of the boundary layer
is related to the Womersley Frequency parameter [n] (39).
D[]
T = R ,o/ [wl' 9]
where V is the kinematic viscosity of blood and w is the pulsatile
frequency. The thickness of the boundary layer is of the order D/r .
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In the arteries of the lower extremities nl is approximately 7. The stream-
lines are relatively straight in the lower extremities because the area
taper is gradual and sharp bends are not present to produce secondary
flows. Westerhof et al. (40), Jager (41,42) and Noordergraaf (43)
have analyzed the limitations of this assumption and have found it to
be in accord with experimental results.
The continuity and momentum equations for a one-dimensional flow
in a flexible tube are, respectively,
-- +0 [10]Dx t
_ t x P ax
Here u denotes the one-dimensional mean fluid velocity, A the tube
cross sectional area, p the fluid density, p the pressure, and
Q [ = uA] the volume rate of flow; x is the longitudinal distance
along the vessel and t denotes time. The symbol f represents the
wall friction force per unit mass of fluid and will be explained later.
On multiplying Eq. [10] by u and Eq. [11] by A , and adding the
resulting equations, we obtain
aQ + (Q 2/A) A lp+ 12-- += - - + fA [ ]
at ax P ax
Equation [12] will be used instead of [11] as the momentum equation
in this analysis. The system of governing equations is completed by
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the "equation of state" of the vessel, which we assume to be represented
in the form
A A(p,x) [13]
Note that Eq. [13] allows the vessel to be tapered and distended in
an arbitrary way by the transmural pressure, but excludes active
muscular contraction of the vessel wall, relaxation effects, wall
inertia, and viscoelasticity. Attinger (44) and Westerhof (45) nave
shown experimentally and theoretically, respectively, that these effects
do not play a significant role in arterial dynamics. However, other
investigators are currently developing models including these effects (46).
4.2 Linearized Equations
Equation [11] is non-linear in two respects: (i) because of the
quadratic term in Q , and (ii) because of the pressure dependence of A
This equation has been linearized by several authors (40,47,48) by
assuming that the cross sectional area is a linear function of pressure
and also that changes in area are relatively small, that is
(P - P) Cu(x) << A (x) [14]
where
A(x,p) A (x) + (p - p ) C (x)
Here C u= A/ap is the vessel compliance per unit length and A (x)
u t
is the local area at the reference pressure p0 . If, in addition, the
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quadratic term in Q is neglected in Eq. [12], Eqs. [10] and [12]
may be written in linearized form as
+Q C Cx) = 0 [15]
ax u at
+ L (x) DQ f [16]
ax u at
Here Lu (x) p/A (x) is the inertance per unit length of the fluid.
Equations [15] and [16] show the well-known analogy with transmission
lines with the corresponding quantities being: Q , electric current;
p , electric potential; Cu , capacitance per unit length; Lu $
inductance per unit length; f , electric resistance per unit length.
From the same analogy the local "characteristic impedance" of the vessel
is defined as
pf + jL (x)W 1/2
Z (x) = (. u
o jC (x)[
where j H rl and w is the circular frequency (w = 120i/HR).
In all studies performed in this report non-linear features were
retained. However, the electrical analogy, although it is strictly valid
only in the linearized case, proves especially useful for obtaining
insight into the treatment of boundary conditions.
4.3 Boundary Conditions
Proximal Boundary Condition
The proximal boundary condition (closest to the heart) may
be set by giving either the flow or the pressure distribution as a
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function of time. Here we consider only a periodic boundary condition,
although the calculational method works as well with arbitrary time
functions.
Distal Boundary Condition
In order to reduce the complexity, small arteries, arterioles
and capillaries are generally not represented in detail in arterial
models. Rather, it is customary to truncate the arterial tree at some
point and to replace the remaining part by a lumped pure resistance.
As seen from the electrical analogy reflected waves will occur at a
termination point when the terminal arterial characteristic impedance
does not match the local peripheral impedance. If this mismatch is
present the steady-state component of the response to a sinusoidal
driving function will not be a simple travelling-wave pair of voltage and
current (pressure and flow). It will be a more complicated function,
which may be resolved mathematically into the sum of two oppositely
moving sinusoidal travelling-wave pairs; the incident and the reflected
waves. The reflection coefficient is defined as the ratio of magnitudes
of the reflected waves and incident waves. Since reflected waves are
observed to some extent physiologically (49,50,51), a practical scheme
should be developed for arterial models in which the magnitude of the
reflection coefficient [K] is a parameter. The electrical analogy gives
a clue as to how this may be accomplished. The reflection coefficient
at the end of a transmission line is (52)
zT - Z
K = [18]z + z0
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where Z is the characteristic impedance and ZT is the load
impedance. Many previous investigators (40,48) have set ZT = z0
in their arterial models. This produces no reflected waves and there-
fore is not realistic in the regions where reflected waves are important
or when anatomical accuracy is desired.
In this study a distal boundary 'condition is employed which
provides realistic values for the reflection coefficients while
retaining the physiological values of characteristic impedance and blood
flow. In the small arteries forming transition between the large
arteries and the arterioles the resistance to the flow increases
progressively as the arterial diameter decreases. At the same time the
coupling between vessel compliance and the frictional resistance helps
damp out the large reflections as in acoustic mufflers. This is
presumably the reason why large high frequency reflections are not
observed in the normal human arterial system. Thus it is essential that
at least some distensibility of the small vessels and vascular bed past
the point of truncation be accounted for in the distal boundary condition.
The simplest manner in which this can be done is to terminate the model
of the artery at the truncation by a lumped compliance in parallel
between two lumped resistances. The equivalent electrical network is
represented in Fig. 29a. With this model the complex load impedance
is given by
Z =R + 2(1 jR2CTw) [19]T 1 22+ R 2C 2
2+RZT
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The sum of the resistances is taken to be equal to the terminal
resistance which is obtained from the known mean flowrate and mean
pressure at the point of termination.
Conditions at Branching
Another set of boundary conditions is given at a bifurcation
[see Fig. 29b]. The conservation of volume flow requires that
Q, = Q2 +3 . Since the mean velocities in the three branches are in
general different, the pressures will also be different, according to
Bernouilli's equation. However, because the dynamic pressure of blood
(-~ 2 mm-Hg) in large arteries represents a small fraction of the un-
steady pressure amplitude (~ 50 mm-Hg), the pressures at points 1, 2
and 3 may be considered equal to a good approximation.
4.4 Friction Term
It is convenient to express the friction force per unit mass f
in Eq. [12] as
2
f = FQ/pA [20]
In the equations that follow the viscous coefficient F depends
on the assumptions made for the viscous effects. If they are neglected
F = 0 . For Poiseuille flow, F = 8wp , where p is the dynamic
viscosity of blood. To obtain an approximate expression for the viscous
effects in this study the coefficient derived from Poiseuille flow was
used. This friction term is not very accurate for pulsatile flow in
arteries but, since, the viscous pressure drops represents a small
percentage of the mean pressure, accuracy is not felt to be too important.
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In addition models employing this assumption have been compared to
experimental data obtained by Attinger (44,53,54) in anatomical
regions pertinent to this model and found to be in good agreement.
4.5 Leakage Term
It may be in some instances important to account for the out-
flow of blood in small vessels off the main artery. For this effect a
"leakage" term [Q ] is introduced in the following equations which is
equal to the leakage flow per unit length at a given referenced
pressure. It can be interpreted as the rate at which the flow decreases
along a main vessel due to small branches. In the equations to follow
this term is assumed to vary in a linear fashion with local instantaneous
pressure. Since all significant branches were included in the model,
QL was set to zero. It is nevertheless presented for completeness and
reference for use in future models.
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V. NUMERICAL SOLUTION BY FINITE DIFFERENCE METHOD
The system to be solved is composed of Eqs. [10], [12], and [13].
However since the pressure p and the rate of flow Q are the dependent
variables of main interest, Eq. [10] is rewritten incorporating a
leakage term and the vessel compliance per unit length as
+ C = -= Q p [21]ax u at L
The method of characteristics may be used to solve the system of
equations ([12], [13], and [21]) in this analysis, and has been used
by previous investigators for the solution of non-linear partial
differential equations ( 40 , 55 , 56 ). However, for this analysis
we have chosen to use a finite difference method. We have extended the
linear method outlined by Fox (57) in order to include the non-linear
term, viscous term, leakage term, and variable coefficients present in
our system of equations. The finite difference method is easy to program
(can be written in one subroutine), economical, and flexible.
In the finite difference method each segment of the arterial
tree must be divided into a number of finite length elements. The
partial differential equations are then written in finite difference form
with Ax representing the length element and At the small finite time
interval. Arbitrary initial conditions are taken for each spatial node
and the dependent variables are determined by solving the finite difference
equations at time intervals of At until they become periodic; usually
about 4 periods are required. Due to the interactive stability require-
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ments, different schemes are used according to whether the pressure or
the flow is given as the proximal boundary condition.
5.1 Proximal Pressure Prescribed
If the pressure is given, Eqs. [21] and [12] are expressed in
finite difference form, respectively, as
Q - Q 
_ 
C 
_+ i i+l 22N N + uN N NQ pi [22]Ax At I N
Qi+l - Q i+ i
9N N i+(ii N PN2Q+A (C'N/A 1)
At N uN At
- 9C+1 21 +1
-Qi~ (Q /Ai)A
i+l i+1
i 'N+l - N i+l (i
- (A/p) +- FQN /PA;) [23]
where X denotes the value of X at the ith time step and at the
Nth spatial step. N runs from unity at the inlet to N at the exit
of a particular segment.
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Solving the system of Eqs. [22] and [23] for pi+1
we have respectively,
Si At i
iN Ax C 1N-1
i+1 uN
1+ At Q /C I
LN uN
for N = 2, .. Nf
Q i+l
= Y1l - 2 - *3 - 4)
- Q - A (At/Ax) ( p - pI+l )
2 (CUN/ N i+1 - p ) + 2(At/At) Q il+N
IP3 = Q (At/A Ax) (A +1 - A )
= - F At/pAt
for N = 1, .. Nf - 1
At the final spatial location, Qi+1
e f
terminal boundary conditions.
is found with the help of the
i+l
and
with
[24]
[25]
[26]
[27]
[28]
[29]
PN
*4
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5.2 Proximal Flow Prescribed
When the flow is given, Eqs. [21] and [12] are expressed in
finite difference form, respectively, as
i i
Ax
N1+l 
- Q
At
Ci (i+l - iC+ (pN N Q i i+l
+ At N
2(Q (/) i+l i+l
N A N N-l
r Ax
i
Q i+l i 2i (N AN-l '
~N ~ N AN ) Ax
i+l i+1
- (K/P) N A -1N-1
[30]
[31]
Solving the system of Eqs. (30) and (31) for pi+1
have respectively
and Qi+l we
p- (At/AxC'N )(Q+ 1
1 + At Q I/C
LN uN
for N = 1, .. Nf - 1
= ( 1+ 02A Ml - 02 - 03 - 04) [33]
i+l
PN [32]
F Q +1/p )
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with
6 - A (At/pAx) (O+1 N-l
6 = -2At Ql/(Ax A)2N
£ i+l A'62A = 2 AtQN Q /(Ax A)
63 = At (Q /A Ax) (A - )
04 = - FAt/(A p)
for N = 2, .. N
At the final spatial location, pN
terminal boundary condition.
is found with the help of the
5.3 Stability Criterion
Fox (57) and Lax (58) have found that the stability criterion for
a system of linear equations of the type represented by Eqs. [15] and
[16] with constant coefficients C and Lu and f=Q takes the simple
form
At < Ax/c
[34]
[35]
[36]
[37]
[38]
[39]
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where c = (L C )1/2 is the pulse-wave velocity. The inequality [39]
u u
states that it is not permissible to cross the characteristics and that
a solution only exists within a domain limited by the characteristics
(59). To obtain stability when the non-linear, leakage and viscous
terms are present and when the coefficients are variable, the value of
At required for stability is less than that given by Eq. [39]. The
amount of reduction required depends upon the parameters of the problem.
In our calculations Ax was always taken as 2 cm and c ranged from
500 to 2500 cm/sec. At was adjusted by trial and error until a stable
solution was obtained. The time step used in the majority of the cases
was .001 sec; .0005 sec was used for the cases with pulse-wave velocity
greater than 1500 cm/sec.
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VI. PHYSIOLOGICAL MODEL
The physiological model represents the human arterial system of
a single leg beginning at the iliac bifurcation and ending at the
distal end of the popliteal artery. The hypogastric and profunda
femoris branches are represented by lumped elements. Geometric and
elastic properties, as well as the flow rates, are intended to represent
a young healthy adult of normal height and weight.
This case will be referred to as tae control case (CC). The
following sections describe how these data were obtained.
6.1 Geometric Properties
A survey of current literature indicated that very little
quantitative information was available on the geometrical properties
of human arteries in the lower limbs. This is in contrast to the abundant
literature that is found on the aorta. A number of investigators have
performed studies of the common femoral artery and have reported values
for the impedance, diameter, and compliance (60,62,63,64,65,68). Two
papers were found in which arterial diameters were quoted at a number of
sites in the lower limbs (40,72). Since these data were limited, a
study was performed with the help of the Radiology Department of the
Massachusetts General Hospital. The recent files were searched for
patients who had undergone arteriography involving the arteries from the
descending aorta to the tibial vessels. Of this group, 24 adult patients
were chosen on the basis of age, normal height and weight, quality of
arteriograms, and minimum lumen obstruction. The arteriograms of this
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group were enlarged photographically on a large screen with a reference
scale included; lengths and diameters of the relevant arteries were
measured. The magnification factor of the X-ray equipment used was
measured and found to be 1.2. This factor was taken into account in
the reduction of the data. Figure 30 is a diagram of the physiological
model, including the mean arterial lengths determined by this study.
Figure 31 illustrates the mean diameters and corresponding cross-sectional
areas as a function of distance from the iliac bifurcation. For use
in the model the reference pressure [p ] at which these measurements
were obtained was taken to be 100 mm-Hg. This has little effect on the
model because the absolute change in arterial area with pressure in
these arteries is quite small.
Equations [40] and [41] represent the best fit of the arterio-
graphic data for cross-sectional area with the distance from the iliac
bifurcation.
A(p ,x) = .505 e-.1925 vx 0 < x < 13 [40]
= .327 e-.0 2 0 6 x 13 < x < 60 [41]
2
where p0 = 100 mm-Hg , x is expressed in cm and A in cm . It is
interesting to note that the iliac arteries (common and external) are
more tapered than the femoral and popliteal arteries.
The geometrical data determined by this study were compared to
values from the available literature (40,72). Table 1 is a comparison
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of arterial lengths measured in this study and of the values reported
by Westerhof et al. (40).
Table 1
LENGTH (CM)
ARTERY ANGIOGRAPHIC STUDY WESTERHOF et. al. (40)
Common Iliac 6.0 5.8
External Iliac 7.0 8.3
Common Femoral 7.0 6.1
Superficial Femoral 20.0 25.4
Popliteal 20.0 18.9
Figure 32 shows that the angiographic study gives essentially the same
results for diameter as a function of distance from the iliac bifurcation
as previously reported in the literature.
6.2 Elastic Properties
To define the "equation of state" of an artery it is necessary to
describe how its cross-sectional area changes with transmural pressure.
Measurements in arteries suggest that the compliance is inversely
proportional to the pressure
C = A(p,x) = S/p [42]
u ap
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The integration of [42] with respect to p gives
A(p,x) = A(p ,x)[1 + /A(p 0,x) Ln(p/p )] [43]
where p is expressed in mm-Hg and A in cm2
At this point it is convenient to define a variable a as the
percentage cross-sectional area change per 50 mm-Hg. This pressure
change was taken to be + 25 mm-Hg around a reference pressure (p )
of 100 mm-Hg. With this definition
/A (p ,x) = a[44]
o Eo p + 25 21.1
100 Ln ( 0 )
p - 25
The assumption concerning the pressure dependence of the cross-
sectional area was compared with experimental data(after appropriate
normalization) obtained in human iliac arteries by Boughner and Roach
(68) and Learoyd and Taylor (62) for several age groups at various
transmural pressures (Fig. 33). The agreement is excellent over the
physiological range encountered in this study (pressure and age).
For the control case it was necessary to obtain a value for a
that was consistent with physiological experience. From the experiments
of many previous investigators (60,63,64,66,68) it was impossible to
deduce a consistent value of a . A large spread was found for the
iliac and femoral arteries (1.6% --- 13.2%). This is undoubtedly due to
the difficulty of the experiment and the large number of variables
involved.
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Since review of directly obtained compliance data did not reveal
a consensus of opinion as to the value of a , an indirect method was
used.
The parameter a may be expressed in terms of the pulse-wave
velocity (c), for which values may be found in the literature. The
wave speed is given by the Moens-Korteweg Equation (67).
c = V/ A [45]
p(3A/3p)
Using Eqs. [42], [43] and [44], Eq. [45] can be rewritten as:
c 1333 p 51.1 + Ln (p/p0 )] [46]p
3
where c is expressed in cm/sec and p in grams/cm3. It should be
noted thatdue to the assumed form for A(p,x) , the wave speed is a
function of pressure and a , but not of location. Cachovan et al. (69)
measured the foot-to-foot pulse-wave velocity at three different
locations along the femoral and popliteal arteries in 40 men with
segmental impedance plethysmography. In this study they were unable
to detect significant differences in pulse-wave velocity with location
when atherosclerotic disease was not present, supporting the validity
of Eq. [46] in the region of interest. They also concluded on the basis
of post-mortem studies that if c was greater than 1200 cm/sec in
normotensive patients significant pathological changes had occurred in
the arteries of the lower limbs.
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Zangeneh and Nassereslami (70) also measured foot-to-foot pulse-
wave velocity in 640 subjects free of significant atherosclerosis over
a wide age range between the inguinal ligament and the foot. The
results of their study indicate:
i) c changes very little with age in the
absence of atherosclerotic disease.
ii) In hypertension, c in the lower limbs
may be increased by 100%.
iii) At a mean blood pressure of 100 mm-Hg, c
was measured to be 1037 + 186 cm/sec.
Figure 34 is plot of c as a function of a (Eq. [461) at
100 mm-Hg. In order to be in agreement with Zangeneh and Nassereslami
a should be approximately 6%. This value is in close agreement with
two of the most carefully performed experiments for the direct measure-
ment of arterial compliance (60,68). Mozersky et al. (60) found a to
be 5.2% in 24 femoral arteries in men free of atherosclerosis under 35
years of age. They used an ultrasonic echo tracking system to perform
their measurements transcutaneously and in vivo. Boughner and Roach
(68) found a in vitro to be 5.4% in iliac arteries using a carefully
designed plethysmograph. The two studies found in the literature in which
a varies significantly from the 6% value are those of Schutz et al. (66)
and of Arndt and Kober (63). Schutz et al. found a to be 1.6%; if this
were true, c would be 2000 cm/sec in the lower extremities. This value
is certainly too high. Also, their work involved in~vvitro measurement
of whole aorto-iliac bifurcations which probably could not be constrained
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properly. Arndt and Kober obtained 13.2% with a technique very
similar to the one used by Mozersky et al., and their procedure has
been criticized by the latter paper. In this work a value for c
of 6% was chosen for the control case. Figure 35 is a plot of c as a
function of pressure for a = 6%. This relation is not applicable at
low pressures. However, for the pressures encountered in the model
(>40 mm-Hg) it is adequate. It can be noted from this curve that the
pulse-wave velocity changes significantly over the cardiac cycle.
6.3 Flow Distribution
In order to determine the values of peripheral resistance for
the termination and branch boundary conditions it is necessary to know
the mean flow rates. Wade and Bishop (61) have estimated the normal
resting blood flow [Q] through the human common iliac artery to be
450 ml/min. Assuming a normal cardiac output of 5000 ml/min, this
figure indicates that 9% of the cardiac output is used to perfuse one
leg. Attinger et al. (54) found this percentage to be 10% in dogs.
Studies performed during surgery with electromagnetic flowmeters
(7,71,65,73,74) suggest that of the total flow through the common iliac
artery half of this flow goes into the hypogastric branch and the
remaining half continues down the external iliac. It is believed that
flow again divides equally at the junction of the profunda branch and
superficial femoral artery. Since the mean pressure drop along the main
arterial system is small, to a good aproximation the hypogastric resistance
(RH ) is half the value of the profunda resistance (R ) and also of
the tibial resistance (RT). This can be represented in equation form by:
2RH = R = RT 
4
[471
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Since the mean input pressure [p] is known as well as the mean
flow (Wade and Bishop) and venous pressure [p v], the peripheral
resistance of the leg [R] may be calculated.
R = V= 8.0 mm-Hg sec/ml
1 _ +
R RH Rp
[48]
[49]
using Eq. [47] one finds:
RH 
=
R
pR=
RT
16 mm-Hg sec/ml
32 mm-Hg sec/ml
32 mm-Hg sec/ml
These values of resistances and pressures lead to the following mean
flowrates in the control case:
TABLE 2
Artery
Common Iliac
Hypogas tric
External Iliac
Common Femoral
Profunda
Superficial Femoral
Popliteal
Mean Flow (ml/min)
450
225
225
225
112.5
112.5
112.5
Since
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6.4 Branches and Termination
It has been estimated that the volume compliance of the entire
arterial system is approximately 1.0 ml/am-Hg (33,75). On combining
Eqs. [42] and [44] and taking a equal to 6% and pressure equal to
100 mm-Hg an integration may be performed from the iliac bifurcation
to the tibial vessels to obtain the total arterial compliance, excluding
the branches. The value obtained is proportional to a and is .035
ml/mm-Hg for a = 6%. It appears reasonable to assume that the arterial
volumetric compliance of both legs is approximately 15% of the total
arterial compliance. With this assumption the total branch and termination
volume compliance in one leg is .04 ml/mm-Hg. It is further assumed
that this compliance is divided among the branches and termination in
proportion to their flow. The values are given in the following
section.
Employing the representation illustrated by Fig. 29a for te
hypogastric (branch), profunda (branch), and tibial vessels (termination)
the total peripheral resistance for each of these segments must be
divided between two resistances. Table 3 defines this division for
the control case, as well as the total volumetric compliance of the
segment [C], and the magnitude and phase of the distal reflection
coefficients, [K] and [f], respectively. These values of K for the
branches and the termination are in reasonable agreement with the values
suggested by McDonald and Attinger (76). Figure 36 is a plot of K and $
at the tibial vessels as a function of R . Comparison of simulation
results and published experimental measurements suggest that for this
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model R should be approximately 20% of the total peripheral
resistance of the branch or termination. It should be noted that if
R, is zero the Windkessel representation is obtained. If R is
set equal to the peripheral resistance, then R2 is zero and no
compliance is included.
TABLE 3
Artery R R2  PT C K
mm-Hg sec. mm-Hg sec. mm-Hg sec. ml/mm-Hg. % o
ml ml ml
Hypogastric 3.2 12.8 16.0 0.02 115.3 -154
Profunda 6.4 25.6 32.0 0.01 111.7 -154
Tibial Vessels 6.4 25.6 32.0 0.01 19.1 -39
6.5 Control Case
It is necessary to define a control case to establish a basis of
comparison in studying the effects of various parameters. Equations
[43] and [42] were used to obtain the geometric and elastic properties
of the main arteries in the control case. Table 4 summarizes the values
of the parameters used in the control case and in other cases unless
otherwise indicated.
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TABLE 4
ARTERY MEAN FLOW R R2  RT C K
ml/min mm-Hg cc % 110
ml/sec mm-Hg
Common Iliac 450 -- -- - -- --
Hypogastric 225 3.2 12.8 16 0.02 15.3 - 154
External Iliac 225 -- I - -- -- --
Common Femoral 225 -- - -- -- --
Profunda 112.5 6.4 25.6 32 0.01 11.7 - 154
Superficial Femoral 112.5 -- -- - - --
Popliteal 112.5 -- -- -
Tibial Vessels 112.5 6.4 25.6 32 0.01 19.1 -39
p = 1.06 grams/cm3 or dyne-sec 2/cm4
-P = .045 poise or dyne-sec/cm2
p0 = 100 mm-Hg pv = 20 mm-Hg
a
HR
p
= 6% percent area
= 75 beats/min
= 80 mm-Hg
change/50 mm-Hg
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VII. DYNAMICS OF CONTROL CASE
Figure 37 is a plot of the pressure distribution as a function
of time used as the proximal boundary condition in the CC. This trace
was obtained with the PPR on the thigh of a healthy 27 year old male,
and is assumed for the purposes of the model to represent the pressure
at the iliac bifurcation. The mean pressure [p] is 80 mm-Hg. To check
the precision of the computer schemes this pressure distribution was
used to obtain the flow distribution at the iliac bifurcation. The
obtained flow distribution was used as the proximal boundary condition
with all other parameters remaining unchanged to recalculate the pressure
distribution. These two pressure distributions were then compared and
found to be virtually identical.
7.1 Pressure and Flow Pulses
Figure 38 represents the pressure and flow pulses at four
locations for the CC. The pressure pulse amplifies away from the iliac
bifurcation; the mean pressure falls slowly due to friction, while the
mean flow decreases as a result of branching. Figure 39 illustrates the
flow pulses in the hypogastric and profunda femoris branches. Figure
40 is a plot of systolic pressure, diastolic pressure, pulse pressure,
mean pressure, peak flow-rate, minimum flow-rate, and mean flow as a
function of distance from the iliac bifurcation. The pulse-wave
velocity calculated between the iliac bifurcation and the tibial vessels
was found to be 1279 cm/sec from peak to peak and 910 cm/sec from foot-to-
foot. This difference is due to the relationship between pulse-wave
velocity and pressure. As seen from Fig. 35 the wave travels faster at
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high pressure. Figure 41 is a plot of the pressure and flow pulses at
the iliac bifurcation and illustrates the well documented observation
(49) that flow actually leads pressure. In this case, the phase lead is
10*
The model permits the evaluation of the importance of the non-
linear convective acceleration and of the viscous forces. These effects
have often been neglected by other investigators.
7.2 Effect of Convective Acceleration
Figure 42 illustrates the effect of neglecting the convective
acceleration on distal popliteal pressure in the CC. The effect is
small, producing only a 3 mm-Hg decrease in systolic pressure. If an
order of magnitude analysis is performed on the continuity and momentum
equations it can be shown that the convective acceleration effect increases
with the ratio u/c . For the CC at the distal popliteal artery this
ratio at peak systole is approximately .07. This study suggests that if
u/c > 0.1 is anticipated, the convective acceleration term should be
included in the formulation. At normal resting conditions u/c will not
be greater than 0.1 in the lower extremities. However, when flow is
increased (as in exercise) this is no longer the case. During the
systolic phase of a normal resting cardiac cycle u/c is generally
greater than 0.1 in the aorta, therefore, the convective acceleration
should not be neglected in the aorta (38).
7.3 Effect of Blood Viscosity
As previously outlined, blood viscosity is accounted for in an
approximate manner through a linear resistance term. For the CC,
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assuming a viscosity coefficient 1 = .045 poise, the mean pressure
is reduced by 5 mm-Hg from the iliac bifurcation to the tibial vessels
(Fig. 40). Figure 43 illustrates the effect of neglecting viscosity
in the CC on the flow at the iliac bifurcation and the pressure at the
distal popliteal. Viscous effects reduce systolic pressure by 18 mm-Hg,
and the diastolic pressure by 4 mm-Hg.
Unsteady effects may increase the apparent viscosity used in
this calculation by an additional 20 to 50% (39). In our model vessel
diameters ranged from approximately 8 mm at the iliac bifurcation to
3.5 mm at the distal popliteal artery. We conclude then that the effect
of viscosity is important only in vessels of less than about 5 mm in
diameter.
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VIII. ARTERIAL DYNAMICS IN HEALTH AND DISEASE
In the preceding sections we have described a general and
flexible method for simulating arterial dynamics. We have defined a
control case based on average typical data for normal healthy individuals
which reproduces the observed characteristics of arterial flow in the
lower extremities. However, one must keep in mind that there are
variations among healthy individuals and that vascular disease alters
the configuration and the elasticity of arteries. Therefore, we proceed
now to make a systematic study of the effects of arterial geometry and
elasticity on the dynamics of the pressure and flow pulses.
8.1 Branching
Since it is not practical to include all the arteries branching
off the main arterial stream it is important to know whetner the pressure
pulse is affected by branching. Another interesting question is how the
flow redistributes when a major branch is occluded by arteriosclerosis.
In this study the effects of viscosity, convective acceleration, and
reflections at the distal boundary condition were excluded while the
pressure pulse was imposed as the proximal boundary condition. Figure 44
shows a comparison of the pressure pulse at the distal popliteal artery
in the CC and with the hypogastric and profunda femoris branches occluded.
With the branches occluded, the pressure rise during the systolic phase
is slightly steeper, however, the pressure levels remain the same. In
this case the reflection coefficients at the hypogastric and profunda
branches are approximately 15% and 12%, respectively. In our clinical
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observations we were not able to detect any changes in pressure pulse
contour when branches were occluded; the mathematical analysis is in
agreement with this observation.
8.2 Effect of Taper
It has been mentioned earlier that the systolic and pulse
pressures increase as the pulse propagates away from the heart. In
order to investigate the part played by the elastic and geometric tapers
of the arteries in the amplification of tae pulse we eliminated the
effects of viscosity, convective acceleration, branching, and distal
reflections on the CC. Figure 45 shows the comparative results for
the distal popliteal artery when the pressure is specified at the
iliac bifurcation. With no taper and no reflections for a constant
diameter of 5 mm and pulse-wave velocity of 1000 cm/sec the pressure
pulse propagates without distortion with merely a phase shift due to the
finite propagation speed. Both the area and elastic tapers produce
pulse amplification as well as a steepening of the pressure upstroke.
The net results amount to a distortion and a "sharpening" of the pulse.
The reason is that the taper produces distributed positive reflection
sites along the arterial system which in turn amplify and distort the
pressure pulse. It will be shown later that the presence of reflections
at the distal boundary condition will also change the contour of the
pressure pulse in a similar manner.
8.3 Effect of Arterial Compliance
Since arteriosclerosis causes the arterial wall to become less
compliant, this effect was studied with the computer model.
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In a previous chapter, it was established that the normal value
of a is 6%. Mozersky et al. (60) found that this value may be
reduced by a factor of 3 in the presence of severe arteriosclerosis.
For the purposes of this study, the control case (a = 6%) was compared
against results obtained with the compliance divided by a factor of
4 (cx = 1.5%). To maintain the proper metabolic balance the amount of
blood flow to the leg must remain constant, therefore, for this study
the flow pulse was specified as the proximal boundary condition at the
iliac bifurcation for both values of the compliance. Figure 46 shows
the pressure at the iliac bifurcation and the distal popliteal artery
in the two cases. Two interesting remarks can be made. First, the
systolic pressure is elevated and the diastolic pressure slightly
decreased by the decrease in compliance, especially at the iliac bifurca-
tion. This phenomenon is always observed in patients with calcified
arteries. The other important point is that increasing the arterial wall
stiffness, even by a factor of 4, does not appreciably change the
contour of the distal pressure pulse, while the foot-to-foot pulse-wave
velocity is increased by a factor of two.
In addition to changing the strength of the distributed reflections
the change in compliance modifies the reflection coefficient at the
distal end. Figure 47 shows tiat, as a decreases below the normal
value of 6%, there is a rapid change in the phase of the reflection
coefficient, however, its magnitude [K] remains small until a falls
below 1%. In the limit (I -+ 0 the reflection coefficient goes to -1.
It will be shown later that the abnormal pulse contours observed in
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patients with generalized arteriosclerosis can be reproduced by the
model if the reflection coefficient is large and negative. On the
basis of Fig. 47 it seems unlikely that such reflection coefficients
can be caused in the physiological system by arterial hardening alone
since it would require very stiff walls. In the next section, another
possible mechanism for producing this effect is discussed.
8.4 Effect of Distal Reflections
We have seen before that the distal reflection coefficient is
given by
K Z T ~ Z0K +=ZT +
where ZT is the terminal impedance and Z the characteristic
impedance at the termination. For simplicity we exclude here the
effects of taper, viscosity, and branching, and we consider a cylindrical
elastic tube of 60 cm in length with a diameter of 5 mm and a constant
pulse-wave velocity of 1000 cm/sec at the reference pressure of 100 mm-Hg.
The tube is terminated by a pure resistance RPR (the peripheral resistance)
and it follows that in this case the reflection coefficient is real. It
is clear that K is positive (phase = 0) if RPR > ZO and that K is
negative (180* phase) if RPR < ZO . In this study the peripheral
resistance is varied while the characteristic impedance remains constant;
the pressure used in the CC is prescribed at the proximal boundary.
Figure 48 illustrates the effect on the distal pressure of increasing
the peripheral resistance (vasoconstriction) in such a way as to produce
reflection coefficients of 0, + 0.2, and + 0.6. As the reflection
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coefficient increases the peaks of the pulse become higher and the
valleys deeper. We interpret this result as due to the increased
contribution of reflected waves.
To verify this finding an experiment was carried out on human
subjects. The PPR monitoring cuff was placed around the calf of the
subject and a distal cuff around the ankle. With the monitoring cuff
set at a mean pressure of 20 mm-Hg, recordings were taken at the calf
with different values of distal cuff pressure. The intent of the
experiment was to show that increasing the distal resistance enhances
wave reflection. Figure 49 illustrates the results obtained from this
experiment.
We were surprised to find that when we first began occluding the
arteries at the ankle the reflected wave decreased in amplitude, and
when the arteries were occluded the reflected wave then increased as we
produced a stiffer reflection site at the ankle. To aid in interpreting
the results of this experiment it is helpful to consider a compliant
chamber located between two resistances. The first resistance (R 1 )
corresponds to the occluding cuff and the second (R2 ) to the peripheral
resistance of the foot. Figure 50 is a plot of the magnitude and phase
of the reflection coefficient as a function of R1 , holding all other
parameters constant, including the characteristic impedance of the
artery just proximal to the distal cuff. As R increases, K initially
decreases causing less reflections;as R1  is increased further, K
the increases- producing increased reflections. Thus the
theoretical results appear to be in agreement with the experimental
observations.
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Two interesting conclusions can be drawn from these results.
First, vasoconstriction indeed increases the relative magnitude of the
reflected wave in the pressure pulse contour. This can also be shown
by placing the foot in iced water and recording the pressure pulse
contour at the calf. Secondly, the results of this experiment indicate
that even in regions as distal as the foot, arterial compliance is still
important. In addition we have experimental evidence that the model we
have chosen for the distal boundary condition is probably appropriate
and more realistic than just a pure resistance.
Figure 51 illustrates the effect on the distal pressure of
decreasing peripheral resistance (vasodilation) to produce reflection
coefficients of -0.2 and -0,4. The character of the pressure pulse
produced by vasodilation is similar to that of those observed clinically
distal to an obstruction or at exercise.
To verify this result a second experiment was performed on human
subjects. A control PPR recording was taken at the calf of a volunteer.
The subject's foot was then placed in hot water until the skin temperature
reached 95*F, producing vasodilation. A recording was then taken at
the calf with the PPR. Results of this experiment are plotted in Fig. 52.
The reflected wave disappears after vasodilation, while the mean pressure
drops. Both experiments described in this section were repeated on four
subjects with identical results.
The foregoing conclusions remain qualitatively valid for the
arterial model (Fig. 53) with the difference that the reflection
coefficient is complex.
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8.5 Effect of Arterial Obstruction
Obstruction of the arterial lumen is another common manifestation
of arteriosclerosis. In this section we simulate the effect of an
obstruction in the arterial model and compare the results with
experiments.
Computer Simulation of Arterial Obstruction
To simulate the effects of atheromatous deposits a mathematical
model of an obstruction was used in conjunction with the control case.
Figure 54 is a schematic representation of the simulated obstruction.
This figure serves as a link between the geometry encountered in arterial
obstruction and the idealized mathematical analysis used to simulate its
fluid dynamics.
As illustrated the geometry of the obstruction may be divided into
three sections;
1. the entrance (1 - 2)
2. the minimum lumen section (2 - 3)
3. the expansion (3 - 4)
To compare this model with systolic and diastolic pressures
measured experimentally it is necessary to compute the instantaneous
pressure change across the obstruction (1 - 4). This value is given
by the following formula.
AP = AP + APBL + APX + AP [50]
Where: AP - instantaneous pressure change across the
obstruction
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APc - total pressure loss at the entrance
APBL - total pressure loss across the minimum lumen section
AP - total pressure loss at the expansion
APu - pressure decrease due to inertial forces in the
minimum lumen section
It should be pointed out that individually APC' BL and AP are
total pressure losses due to friction and turbulence. however, since
the fluid velocities are equal at both ends of the obstruction the
sum of these quantities is a pressure change.
a) Entrance loss
The loss of total pressure at the entrance is due to
boundary-layer friction and, possibly, to separation if
the entrance is not sufficiently gradual. Since the
entrance length is short compared to the length of the
minimum lumen section, the effect of friction at the
entrance is neglected. One would expect the entrance
to an arterial obstruction to be reasonably well rounded,
producing small losses. The total pressure loss may be
represented in the form
AP =k p Q 2 /2A [51]
c e 2
where A2  is the cross-sectional area of the minimum
lumen section and k is the entrance loss coefficient.
e
The latter depends upon the Reynolds Number and upon the
entrance geometry (77). The inlet to a partially occluded
arterial segment is generally not as abrupt as a square-
edge entrance or as gradual as a bell-mouthed inlet, the
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geometry being quite variable. For these reasons it
was decided to use the value 0.1 for k in the model,
which represents an inlet with some rounding. This
value is felt to be an upper limit. With k equal to
0.1 the entrance loss is small compared to the other
losses, therefore, further refinement is not necessary
for this section.
b) Viscous loss in minimum lumen section
On taking the entrance to this section to be sufficiently
gradual to produce no separation, it may further be
assumed that the loss in this section is due to the
development of a boundary layer. The total pressure loss
along a tube of length L for this flow situation is
given by Shapiro et al. (78) as
APBL = 3.5/TrpLu Q3 /2 /A [52]
For this equation to be applicable three conditions
exist: the flow must be laminar; the flow must be quasi-
steady; the boundary layer thickness must be small when
compared to the tube diameter. The Reynolds Number (Re)
with no obstruction in the arterial model based on the
mean flowrate is 350(1500 based on the peak flowrate);
with 85% obstruction of area the Re based on mean flow-
rate is 700 (2000 based on peak flowrate). These numbers
indicate the flow is laminar throughout the range of
interest in the model. The Womersley frequency parameter
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[n] for this section with no obstruction is approximately
4.5, which does not indicate quasi-steady flow. However,
as the diameter is reduced to the point where the losses
are significant n becomes of the order of unity or less,
and the quasi-steady condition is approximately met. There
is a direct analogy for this boundary layer growth to the
boundary layer growth experienced in laminar flow over a
flat plate. For the boundary layer thickness (6) to be
small compared to the tube diameter,
/L/7D << Ae D
With an obstruction length of 2cm at 85% area obstruction
/L/D is 2.8 and /Fe based on the mean flowrate isD
26.4. These numbers indicate the boundary layer thickness
to be small compared with the tube diameter.
c) Expansion loss
The expansion of the flow downstream of the minimum
lumen section is accompanied by separation and
turbulent reattachment. With the assumption of a sudden
expansion the total pressure loss is given by (79)
AP x = p/2 (Q/A2 - Q/A3 )2  [53]
where A3 is the cross-sectional area downstream of
the obstruction. This assumption is supported by
experiments with conical diffusion which indicate that
when the divergence angle is greater than 50*, 95% of
the total pressure loss expected with a sudden expansion
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is present (77). Since Eq. [53] is applicable for a
steady flow it is important to check its applicability
in our case. The residence time (T f) of a fluid
particle in the expansion jet is on the scale between
D/V and lOD/V, where D is the diameter of the
minimum lumen section and V is the mean fluid velocity
in that section; we shall take it as of the order 3D/V.
With an 85% area obstruction D is 2.5 mm and V is 120
cm/sec, therefore T f 0.006 sec. For Eq. (53] to-be
valid the residence time should be small compared with
the time it takes for a significant percentage change in
flow to occur (T ). Considering the shape of the flow
pulse we assume T to be 5% of a period. With a heart-
rate of 75 beats/min the period is 0.8 sec, therefore,
T = 0.04 sec. With these values T /T = 0.15 which
p f p
further justifies the use of Eq. [53].
d) Inertial effect on pressure
The instantaneous pressure decreases due to the time-
dependent inertial forces are maximum in the minimum
lumen section. This pressure decrease is
AP = p L/A O [54]
u 2 dt
The contribution of this term turned out to be
relatively small.
To determine the effect of obstruction in the common iliac
artery the obstruction model was placed at 4 cm downstream of the iliac
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bifurcation. Various amounts of area reduction were analyzed. The
length of the obstruction (L) was 2 cm.
Experimental Arterial Obstruction in Dog
A search of the literature provided three references (80,81,82)
in which pressure was measured upstream and downstream of various
obstructions as well as the flowrate. The first and second papers (80)
and (81) only gave mean pressures and flows and no reference to the
instantaneous values. The third paper (82) provided instantaneous
values for pressure and flow, but only for one value of the relative
area obstruction. Since instantaneous values at various obstructions
are required to study the contour of the pressure and flow pulses, we
conducted a series of dog experiments in the Department of Anesthesia
at the Massachusetts General Hospital.
Three male dogs all weighing 22 kg were given intravenous nembutal
injections for anesthesia. The left common iliac artery was exposed
through a midline abdominal incision. A small catheter was inserted into
the distal aorta through the single hypogastric artery which was occluded
around the catheter. A similar catheter was inserted into the left
profunda and passed proximally until its tip lay in the terminal common
femoral artery. These catheters were connected to Hewlett Packard Type
267 BC pressure transducers. Blood flow in the left iliac artery was
measured with a square wave electromagnetic flowmeter and a non-
cannulating flow probe of appropriate size for the artery. Pressures
and blood flow were traced on a Sanborn 350 Difect-Writing Eight Channel
Recorder.
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A one-inch micrometer was modified to produce a flat clamp 2 cm
in width to provide measured occlusion between the two pressure sites.
Appendix B describes how the ratio of clamp opening to non-occluding
clamp opening was converted into the percentage of arterial area
obstruction.
Discussion and Comparison of Data
To be in accord with the dog experiments performed in the
common iliac artery the obstruction model was placed at 4 cm down-
stream of the iliac bifurcation in the CC. The length of the
obstruction was the same as in the dog experiments (2cm). Figure 55
is a comparison of the % pressure reduction (systolic and diastolic)
distal to the obstruction as a function of percentage of area reduction
obtained from the model and the experiment. Due to the higher flow-
rates present during systole, systolic pressure begins to fall off
earlier than diastolic pressure in the computer model as well as in
the dog experiments. Systolic pressure is reduced by 10% at a percentage
of obstruction of about 50%, whereas diastolic pressure is not reduced
by more than 10% until 80% obstruction is reached. Both pressures fall
rapidly when the obstruction exceeds 85% of the initial area. As
demonstrated in Fig. 56 the time-mean flowrate also falls off gradually
until 85% obstruction is reached, and then falls rapidly thereafter. As
indicated by these studies a patient may have a severe stenosis
(60% - 70%) and still have a easily palpable pulse with little reduction
in flow.
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It is of interest to examine the effects of length of obstruction
and flow rate on the pressure drop calculated by the obsruction model.
Consider an obstruction of length L producing a pressure drop of
AP1 at a flowrate of Q . Figure 57 shows how the relative pressure
drop AP/AP1  increases as a function of L/L1  for various % obstructions
holding flowrate constant. Figure 58 is a plot of AP/AP as a
function of Q/Q for various % obstructions holding length constant.
These curves indicate the effect of flowrate on the pressure drop is
far more important than that of length. Also, the significance of the
obstruction may be magnified when increased flowrate is required, as in
exercise, when the peripheral resistance is lowered. Claudication
occurs when blood flow is inadequate to maintain normal metabolic
balance. Flowrate through a stenosis is limited to a maximum value due
to the available pressure drop. When this maximum flowrate is in-
adequate claudication occurs.
Figures 59 and 60 represent the pressure pulse upstream and
downstream of a 88% obstruction, determined by the simulation and measured
in dog respectively. Both indicate that obstruction alters the contour
of the pressure pulse. With increased obstruction the initial slope
is reduced and the crest becomes more rounded. However, the reflected
wave is still present at large area reductions, up to 95%. This
observation suggests that the reflected wave is altered more by a mis-
match between peripheral resistance and the arterial characteristic
impedance than by arterial narrowing alone. It is not unreasonable to
postulate that as obstruction increases and the flow reduces, the
-70-
peripheral resistance decreases (vasodilation) to maintain the
required blood flow.
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IX. CONCLUSIONS
This work touched on many problems in the fields of engineering
and medical sciences. It raised many questions and provided the
ground work for more detailed analysis of vascular dynamics.
The major conclusions that can be drawn from this research are:
1) It is possible to make reliable and reproducible
non-invasive recordings of the arterial pressure
pulse contour on the upper and lower extremities;
an instrument has been built for this purpose.
2) The arterial pressure pulse contour is altered by the
arteriosclerotic process. The alterations observed
clinically are probably due to an impedance mismatch
between the larger arteries and the arterioles and
capillaries forming the peripheral resistance. With
arteriosclerosis the characteristic impedance of the
larger arteries is increased by decreased elasticity
in the arterial wall, while the peripheral resistance
may be lowered by vasodilation.
3) A computer model of the arterial system of the lower
extremities confirms that a severe obstruction of the
arterial lumen is necessary to cause significant
damping of the pressure pulse. When severe obstruction
is present the blood flowrate through an obstruction
is limited by the obstruction and no longer controlled
by vasotone. When this maximum flowrate becomes
-72-
insufficient to meet increased demands, as in
exercise, there is not enough blood to maintain
normal metabolic balance and ischemic pain results.
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CAPTIONS FOR FIGURES
Fig. No.
Arteriogram of a patient with aorto-iliac atherosclerotic
disease. Note complete block of right external iliac at
the level of the hypogastric branch.
X-ray of a profunda and superficial femoral artery
illustrating stiff calcified deposits in the arterial
wall.
A cross-sectional view of a common iliac artery in which
the lumen has been significantly reduced as a result of
atheroma build-up.
Sketch of the Pressure Pulse Recorder (PPR).
(a)
(b)
Technical data on the Pitran.
PPR System Diagram.
Typical pressure calibration run at the brachial artery
showing comparison with auscultatory method.
Comparison of systolic and diastolic pressures obtained
by the occlusion and auscultatory methods in the brachial
artery of 13 volunteers.
8a Pressure amplitude as a function of frequency in the rigid
cylinder experiment.
9 6V /6V as a function of mean cuff pressure and injected volume.
lOa-e Comparison of pressure pulse contours obtained with the PPR
and direct arterial cannulation at the radial artery.
1
2
3
4
5
6
7
8
-74-
lla-e
14
15
16
17
18
19
20
21
22
(KM).
Comparison of pressure pulse contours obtained with the
PPR and direct arterial cannulation at the common femoral
artery.
Effect of injected volume on the recorded pulse contour
at constant cuff pressure.
PPR recordings taken at the brachial artery, forearm,
thigh, calf, and ankle of both upper and lower extremities
in a healthy subject.
Pre-operative information on Patient (YW). On the
left, angiographic findings are illustrated, including
a +0 to +4 grade for palpable pulses. On the right,
the PPR recordings are given for the thigh, calf, and
ankle of each leg. The units are in mm of deflection.
Pre-operative PPR recordings after exercise - Patient (YW).
Post-operative PPR recordings at rest - Patient (YW).
Post-operative PPR recordings after exercise - Patient (YW).
Pre-operative PPR recordings at rest - Patient (KM).
Post-operative PPR recordings at rest - Patient (IN).
12
13
Post-operative PPR recordings after exercise - Patient
Intra-operative PPR recordings - Patient (TR).
PPR traces taken at the left calf of Patient (RS) over
a nine month period with consistent cuff pressures and
volumes.
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Fig. No.
23 PPR traces taken at the left calf of Patient (JA) over a
twelve month period in which the left limb of an aorto-iliac
graft occluded.
24 PPR traces taken at the right and left brachial arteries
of Patient (BM) in which the left arm was enlarged due to
lymphedema.
25 PPR traces taken at the right calf of three healthy
athletic young men.
26 PPR traces taken at the right and left ankles of Patient (WP).
The left superficial femoral artery is occluded.
27 PPR traces taken at the right and left calves of Patient (MM).
The right common femoral artery is occluded.
28 PPR traces taken at rest and after exercise in a healthy
athlete.
29 (a) Electric analog of the distal boundary condition.
(b) Schematic of a bifurcation.
30 The Physiological Model showing the anatomical sketch on
the left and a schematic of the simulated arteries on the
right.
31 Arterial diameter and cross-sectional area as a function
of distance from the iliac bifurcation as determined by the
angiographic study. The mean pressure is estimated to be
100 mm-Hg.
32 Comparison of the angiographic study with the data from
Westerhof et al. and Singer.
33 Comparison of Eq. [43] with measurements taken by Boughner
and Roach.
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Fig. No
34 Wave speed in the arterial model as a function of a
at 100 mm-Hg.
35 Wave speed in the arterial model as a function of
pressure for a = 6%.
36 Magnitude and phase of the reflection coefficient at
the tibial vessels as a function of R /RT.
37 Pressure pulse used as the proximal boundary condition
in the Control Case.
38 Pressure and flow pulses in the Control Case.
39 Flow pulses in the hypogastric and profunda branches
for the Control Case.
40 Systolic pressure, diastolic pressure, pulse pressure,
mean pressure, peak flowrate, minimum flowrate, and mean
flow as a function of distance from the iliac bifurcation
in the Control Case.
41 Pressure and flow pulses at the iliac bifurcation for the
Control Case.
42 The effect of convective acceleration on distal popliteal
pressure (x = 60 cm) in the Control Case.
43 The effect of blood viscosity on the flow at the iliac
bifurcation and the pressure at the distal popliteal in
the Control Case.
44 A comparison of the pressure pulse at the distal popliteal
artery in the Control Case and with the hypogastric and
profunda occluded.
45 Effects of area and compliance taper on the distal popliteal
pressure.
46 The effect of arterial wall compliance on the distal
popliteal pressure in the Control Case.
47 Magnitude and phase of the reflection coefficient at the
tibial vessels in the Control Case as a function of a .
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Fig. No.
48 The effect of increased distal resistance on the distal
pulse in a uniform cylindrical elastic tube.
49 Effect of a distal cuff on the pressure pulse in the calf.
50 Magnitude and phase of the reflection coefficient as a
function of R at the distal boundary condition.
51 The effect of decreased distal resistance on the distal
pulse in a uniform cylindrical elastic tube.
52 Effect of vasodilation on the pressure pulse in the calf.
53 Effect of changing the distal reflection coefficient on the
distal popliteal pressure in the arterial model.
54 Obstruction Model.
55 Pressure reduction (systolic and diastolic) downstream
of a 2 cm long obstruction as a function of area reduction
in the common iliac artery (comparison of simulation and
experimental results).
56 Mean flow reduction due to a 2 cm long obstruction as a
function of area reduction in the common iliac artery
(comparison of simulation and experimental results).
57 Effect of obstruction length on the pressure drop at a
constant rate of flow.
58 Effect of flowrate on the pressure drop for an obstruction
of fixed length.
59 Calculated pressure pulses upstream and downstream of an
88% obstruction of 2 cm long in the common femoral artery.
60 Measured pressure pulses upstream and downstream of an 88%
obstruction in the common iliac artery of a dog.
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FIGURES
1 - 60
0Arteriogram of a patient with aorto-iliac
atherosclerotic disease. Note complete block
of right external iliac at the level of the
hypogastric branch.
Fig. 1
008
X-ray of a profunda and superficial femoral
artery illustrating stiff calcified deposits
in the arterial wall.
Fig. 2
4001
A cross-sectional view of a common iliac aetery
in which the lumen has been significantly reduced
as a result of atheroma buildup.
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The PITRAN is a silicon NPN planar transistor
that has its emitter-base junction mechanically
coupled to a diaphragm. A differential pressure
applied to the diaphragm produces a large, re-
versible change in the gain of the transistor, i.e;,
the PITRAN's output is modulated by the me-
chanical variable.
TEMP. COEF. ZERO SHIFT -mV/*Cj
LINEAR PRESSURE RANGE EQUIVALENTS
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The PITRAN is 'a silicon NPN planar transistor
that has its emitter-base junction mechanically
coupled to a diaphragm. A differential pressure
applied to the diaphragm produces a large, re-
versible change in the gain of the transistor, I.e.,
the PITRAN's output is modulated by the me-
chanical variable.
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APPENDIX A
IBM 360 Computer listing
FORTRAN IV G
Appendix Page
A-rMAIN PROGRAM
Subroutines
PROP
FUGEN
QP
BRANC
A-l
A-12
A-13
A-16
A-1
G LE\VFL 20 MAIN DATE = 72100 Oq/43 /45
TITLE CAPDS
SIMULATION rF THE ARTERTES IF THE LOWER FXTREMITTES
C
C
C
C
CC
CC
C
C
C
C
(2
PIMFNSIIN P(100
1 R(100
2 CHAN(
PR1GPRtM INPUT
RPA(r,103)
READ (5103)
PE An(5,1033
REAn(5,104)
READ(5,105)
1 CONTINIJE
) ,0( 100), CAP( 100) ,CAPM( 100),A( 100),
),QL(100),POUT(100),PQFG(100),AXFG(
16) , Y ( 16)
AX( 100),PH( 100),
100),QH( 100),
C HI U, C H2U,JC H3J ,CH 10 ,C H20, CH3
C PIDCP2nCP3DCP1W,CP2U,CP3U
)CFP,CFP2,CFP3
JJ2,J3,J4,J5
M PqMo
RE An( 5 ,100)NCASE,fDTDXHRACAP
IF(NCAS E)72 ,72,2
2 CONTTNUF
FAn(5,0I)KQPK7PTKPPIMNPERMNXNFGNLINTT
READ(,?102)RHY1,RHY2 ,CHY
READ(5, 102)RPIvPR2,CPR
RrAD(5 ,102) RT1,RT2,CT
TMAX = 60. / HR
SCFG = NEG / TMAX
NFGM = NFG + I
TMITIAL C2.NDTTIDNS
T = 0.0
ROH = 1.06
XMU = .045
PO = 100.
PV = 20.
ISWC
ISWP
ISWPR
NPER
KPP I
KTOP
1
I
1
KPRI M
NL
C
TF(INTT)4,4,3
JEF:F PAINFS
PH 0 THFSIS ORK
FLUIDS LAB - MIT
1-23 EXT 7193
FALL 1)71
rIMENSIDN STAT!MFNTS
C
C
C
C
C
C
C
A-2
G LFVEL 20 MA TN DATE = T2100 08/43 /45
3
3 C"NTINUF
RFAD(5,106)(
READ(,106)
REAO(5, 106)
D 33 1 =
POUT(T) = P
CH(I) = 0(I)
3 CONTINUE
4 CONTINUE
PQFG(
C(I),
P( I),
CHY,0
1, NX
I) /
I)
I
I
PP
I = INEGM)
1,NXI
1,NX)
PjYp PDR , PT
1333.
OUTPUT CASE PARAMETERS
WRITE(6,200)
WRITE(6, 201)NCASE
WRITE(6,202
TF(KOP)2003
2003 WR IT F( 6, 20-4
G7 TO 200"
2004 WRITE(6,204
2009 CNTINIJE
WRITE(6,205
WRITE( 6, 206
WRTTE(6,207
WRITE(6,208
WO ITE (6,209
WRITF(6,210
WRI TE (6, 211
WRIT E(6, 212
WRI TE( 6,213
WP ITE( 6, 213
WRIT1(6,214
WRI TE( 6,215
WRIT( 6,216
WRITE(6,217
WRITt( 6,218
WRITE(6,219
WRTTE( 6,220
WP ITE(6,221
WPITE(6,222
WRITEf6,223
PM = P0.
XL = 60.
C1 = .00595
RH = PHYl +
RP = RPRI +
RT = PTI +
pE = 1. / (
)t-R,TMAX
,2003,2004
)
)
ACAP
)MP,MO
)
)
)
)
) DT,DX, NX ,NPERM
)KOPTK P QIM,NL
)
1)
) INIT,NEG
) SCEG
Jl, J2, J3, J4,J5
) ROH,XMU, PC, PV
)
)
)R
)R
*
PT
1.
HY1,PHY2 ,CHY,
PR1,PPP2,CPR,
FPL,CFP 2,CF03
TI ,RT2 ,CT
ACAP
HY2
PR2
2
/ PH + 1. / PP +
CH IU, CH2U, CH3U
CPI0,CP2D,CP3D
1. / RT)
RRH = RHYl / PHY2
RRP = RPRI / RPP2
PRT = QTL / PT2
XMH = PE / RH
XMP = RE / Pp
C
C
DATE = 72100 08/43/45
XMT = PE / PT
B7TAH = RE * CHY / TPAX
BETAP = RE * CPR / TMAX
BFTAT = PE * CT / TMAX
9ETAA = RE * CO / TMAX
GAM RE**2 * CO**2 * PM /
VP = . * 3.14 * XMU / ROH
RIH / XL**2 * 1333.
* XL * RE / PM
WRITEf 6,224)
WPITE(6,225)PM
iNRTTE( 6, 226) XL
WRZTTE(6, 227 )CC
WRTTE(6,22P)
WRITT( 6, 229)
WRITE(6,230 )BE
WRIT-(6, 231)RE
WR ITEf( 6,232 )BrE
WRITE(6,233 ) FE
iRITE( 6,234)
DYNAMIC 7UTPUT
C
C
C
C
CC
C
TAA,RE ,rCAM,VO
TAH,PRHRRHXMH
TAPRP,PRP,XMP
TATRTFRT,XMT
/ TMAX
KPRIM)11,6,
1)7,9,7
NtL) ,10,10
0)
I))J1,J1,J2,J?,J3,J3,J4,J5
2)
3)Q(jI), , 4),P ) (J2),POUT(J2),( J3),PO T(J3),
rHY,Qr'RiQ (J4),P PUT (J5), PT, CYCTM, NPER
KTOP = KTIP + 1
KPPI = 0
IF(KCPT - 1)8,8,11
3 CfNTINJE
FLCT
Y(1 )
N( 2)
y( 3)
Y(4)
O(J1
P JI
Q (J2
P (J2
)
)
Y(5) = Q(J3)
Y(A) = P(J3)
G LFVEL 20
A-3
MAIN
5 CONTINt)F
CYCTM = T
IF(KPPI -
6 CONTIN.)c
IF(KOPT -
T CONT INUE
TAR
IF(KTfP -
10 CONTINUE
WRITE(6,3fl
WRITE( 6,3C
WRITF(6, 3
XTrO = 3
9 CqNTINUE
WRITE( 6, 3C
1
C
CC
C
A-4
G LEVE L
C
C
C
C
20
Y(7) OHY
W 91) =QPp
KPRI 0
11 CONTINUE
TIM:R / ENDER
KPRI = KPPI +
T = T + OT
MAI N
".~) "M-
DATE = 72100 08/43 /45
1
IF(T - TMAX)14,14,12
12 CONTINUE
NPEP = NPFR + 1
IF(NPFR - NPEPM
1223 CONTINUE
KPR!M = KPRTM
1222 (T 'NT I NUE
TF(NPFR - NPFPM
13 CONTINU
T = DT
14 C NTIMUE
)1222,1223,1223
)13,13,1
ARTERTAL PROPERTIES
CALL PROD(1 ,3 ,0.00,CX,ISWP,0,0,ACAP,0.CO,6O.0,AXAXFG,
SP,A,CAPMCAPRQLROH, PJXMU)
CALL PROP(4 ,5 ,4.00,PXISWP,0,0,ACAP,0.C0,60.O,AXAXFG,
I PACAPM,CAFROLRgH,PO,XMJ)
I
I
CALL PROP(6
P,
CALL PRPP(8
P,
CALL DROP(14
C P,
CALL PROP(l6
1~ t,CALL PRflP(1P
1P,
CALL POP(2R
1 P
ISWP =0
,7 ,6.00,CX, ISWP,0,0,ACAP,0.00,60.0,AXAXFG,
ACAPMCAP,R,QL,ROHPXMU)
,13,8.00,CX,ISWP,,0OACAP,O.
A,CAPM,CAP,R,OL ,ROH,PO,XMU)
,15,18.0,CXISWP,0,0,ACAP, 0.
A,CAPM,CAPRQL,ROH,PO,XMU)
,17,20.0,CX,ISWP,0,0,ACAP,0.
A,CAPM, CAPP,QL,ROH, PCIXMU)
,27,22.0,CXISW,0,0,ACAP,0.
A,CAPMCAPRQL,R1OH,POXMU)
00,60.0,AXAXFG,
CO,60.0,AX,AXFG,
CO ,6 0. 0, AX ,A XFG,
00,60.0,AXAXFG,
,38 ,40 .0 ,C X, ISW D,0 ,0,ACAP,0.00,60.0,AXAXFG,
A,CAPM,CAPR,QL,ROHPlXMU)
PRESSURF RPFTENSION
DO 15 I =
PH(I) P()
15 CnNTINUF
1, NX
CYNAMIC ANALYER
lr(KQP)16,16,17
IF KOP = 0 PPESSUPF IS GIVEN
C
C
C
C
C
C
C
C
C
C
A-5
G LEVEL 20
(2M4- -If 5 Ci
DATE = 72100 08/43/45
IF KOP = I
16 CONTINUE
FLQW IS GIVEN
C
CC OESSURES WITH PRESSUPE GIVFN
C
CALL FUGFN( PnUT(1),TNFGPOFG,SCFG)
P(1) = 1333. * POUT(1)
C
CALL OP(1,#,lMP,2 ,3 ,
1 P,0,CAPA,PHi,P,QL,POclTDTOX,ROH)
CALL QP(I,1,MP,5 ,5 ,
. P,0 , CAPAPH, ,QL,POUTT,D XPOH)
CALL OP(1,1,lMP,7 ,7 ,
I P,Q,CAP,A,PHPOL,POUJTDT,DX,ROH)
CALL QP(1,1,MP,9 ,13,
1 P,QCAPAPH ,R,QL,PtUTtTDX,RrH)
CALL QP(1,1,MP,15,15,
I P,QCAPAPH,P,QL,POUT,DT,DXROH)
CALL QP( 1,1,MP,17,17,
l P,O,CAP, A,PH, P, OL, PJIJT, T, OX,RnH)
CALL QP(1,lMP,19,27,
1 P,0, CAP,A,PHPQL,PJUTDTOXRflH)
CALL QP(l1,1,P,29,3P,
1 P,0,CAPAPHPQL,POUTOTDXROH)
3
1
2
3
2
3
1
2
3
1
2
3
1
2
.3
OPHU0 = SIGN(CHIU*Q(3 )**2,O(3 ))
+ SIGN(CH2U* ARS(Q(3 ))**(I
+ CH3U*STGN(AMIN1(ARS((0(3
(9(3 ) - QH(3 )))
OPHD = SIGN(CH10*0(7 )**2,0(7 )
+ SIGN(CH2D* ABS(0(7 ))**(1
+ CH3D*SIGN(AMIN1(ABS((Q(7
(Q(7 ) - QH(7 )))
OPPU = SIGN(CPIU*0(13)**2,0(13))
+ SIGN(CP2U* ABS(f(13))**(1
+ CP3J*SIGN(AMTN(ABS((Q(13
(0(13) - OH(13)))
lPpn = SIGN(CP1D*0(17)**2,v( 17))
+ SIGN(CP2O* ARS(0(17))**(1
+ CP3D*SIGN(AMIN1(ABS((Q(17
(Q(17) - QH(17)))
OPFP = STGN(CFP1*Q(27)**2,Q(27))
+ SIGN(CFP2* ABS(0(27))**(l
+ CFP3*SIGN(AMINI(ABS((0(27
(0(27) - QH(27)))
P(4 ) = P(3 ) - DP
IF(P(4 ) - PV * 13
800 CONTINUF
P(4 ) = PV * 1333.
801 CONTINUE
P(6 ) = P(5
P(8 ) = P(7 ) - DP
HU
33
.5),Q(3 ))
) - QH(3 ))/OT)
.5),0(7 ))
- H( 7 /T)
.5),Q(13))
- OH(13))/DT)
.5),0(171)
) - QH(17))/DT)
.5),0(27))
) - OH(27))/DT)
, 1000.)
, 1000.)
, 1000.)
, 1000.)
, 1000.)
4 1333.
.)800,800,801
HD * 1333.
C
C
MAIN
A-6
G LEVFL 20 MAIN DATF = 72100 08/43/45
IF(P(8 ) - PV * 1333.)8028()
802 CONTINUF
P(8 ) = PV * 1333.
903 CONTINUE
P(14) = P(13) - DPPU * 1333.
IF(P(14) - PV * 1333.)804,80
804 CONTINUF
P(14) = PV * 1333.
805 CONTINUE
P(16) = P(15)
P(18) = V(17) - DPPD * 1333.
IF(P(18) - PV * 1333.)806,80
806 CONTINUE
P(IR) = PV * 1333.
807 CONTINUE
P(28) = P(27) - DPPP * 1333.
TF(P(2P) -
808 C9NTIN UF
P(29) = PV
P09 CONTINJr
PO'0T(4 ) =
PlUT(6 ) =
POUT(8 ) =
POUT(14) 
-
POUT(16) =
POUT(18)
POUT(28) =
FLCWS WITH
2,2
p,0
2,2
P ,0
2,2
p,()
2,803
4,805
6,807
PV * 1333.)808,808,809
* 1333.
P(4
P(6
Pf? )
P (1/)
P(16)
P (18)
P(28)
/
/
/
/
/
/
/
1333.
1333.
1333.
1333.
1333.
1333.
1333.
PPESSURC GIVEN
no 8 = 1,MX
QH(I) = Q(T)
P88 CONT INUF
CALL OP(
1
CALL QP(
C
CALL QP(
CALL OP(
1
CALL OP(
1
CALL OP(2,2
1 PQ
CALL OP(2,2
1 PQ
CALL QP(2,2
1P,
,O,1 ,2 ,
,CAP, A,PH,, QL ,PTDT,rOX ,ROH)
OJ 94 ,4 ,
,CAP,APHP,,QLPtUT,fDT,DX,ROH)
,MQ,6 ,6 ,
,CAPAPHPQLPOUTDTDXR0H)
2,2,OMQ,8 ,12,
P,O, CAP,A,PH, Q, L, POUT , OT, DX ,ROH )
2,2,v Mt, 14,14,
P,O, CAP, A, PH, PQL ,POUT , TtDXR!H)
,MQ,16,16,
,CAP,A,PH ,R,QLPOUT,DT,DXPOH)
,MQ,18,26,
,CAP,A,PHR,QLPOUTDTDXROH)
,MQ,28,37,
,CAP, A, PH, PQL, POUT, DT, DXPOH)
CALL BRANC(RHYlRHY2,CHYRPR1,RPR2,CPRRT1,RT2,CTDTISWP,
C
C
CC
C
C
C
A-7
G LEVEL 20 MAI N DATE = 72100
PHYPPRPTP(5),P(15),P(3P),0HYQPRQ(3e),
PVZHYlZPR1,ZT1,7HYVZPRV,7TVKQPPH(5),PH(15))
+ QHY
+ QPR
GO Tq 5
17 CONTINUE
C
CC PRESSURES WITH FLOW
C
CALL QP(
CALL O)D(
CALL QP(
CALL QP(
1, ?,NP,1 ,2 ,
P, 0,CAP,A,PH ,pR
1,2,MP,4 ,4 ,
P,0 ,CAP,A ,PH ,v
1,2,MP,6 i, ,
P,, CAPAPHR
1,2,PP,8 ,12,
P,0,CAPA,PHR
G' VEN
,0L,PUT,OTOX,ROH)
,QLP-3UT, 0, DXRH)
,OL,PlUTqDT, DX,RDH)
,QLPr'JTD TDX,RH)
CALL OP(1,2,f'Pl4,14,
PQCAP ,A,PH ,PQL,P" iTvT,DX ,ROH)
CALL OP(1,2,
6 P, ,
CALL QP(1,2,
7 P,0,
CALL QP( 1,2,
'R PQ,
OPHU = SIGN(
1 + SIGN(
2 + CH3U*
3 (0(3
CPHD = STGN(
1 + SIGN(
7- + CH3D*
3 (Q(7
OPPIJ = SIGN(
1 + S IGN(
2 + CP3U*
3 ( (13
00PP = SIGN(
I + SIGN(
MP,16,16,
CAP ,A, PH , ,L,tP11.JT ,D T, DX, ROH)
MP, 18, 26,
CAPA, PH, PQL, P3UT, OT, XROH)
IP,28,37,
CAPA,PH,9,0L,P9UTD
CH 1U*Q (3
CH2U* ABS
S I G N ( AM I N
) - OH(3
CH1D*0(7
CH2D* ARS
SIGN(AM IN
) - QH(7
)**2,0(3 ))
(0(3 ))**(I
1 (A S( ( (3
)**2,0(7 ))
(Q(7 ))**(1
I(ABS( (Q(7
TDXRCH)
.5),0(3 ))
) - QH(3 ))/DT)
.5) ,0(7
)- H(7
CPIU*0( 13)**2,Q( 13))
CP2U* ABS(Q(13))**(1.5)
SIGN(AMTNI(ABS((Q(13) -
) - QH(13)))
CP1D*0( 17 )**2,0( 17))
CP2D* ABS(0(17))**(1.5)
2 + CP3D*SIGN(AMIN1(ABS(( 0(17) -
))/DT)
,0( 13))
QH(13))/0T)
Q( 17 ))
OH( 17) )/DT)
(0(17) - QH(17)))
SIGN(CFPl*Q(27)**2,Q(27))
S IGN(CFP2* ABS(Q(27))**(1.5),0(27))
CFP3*SIGN(AMUf1(A9S((Q(27) - OH(27))/OT)
1000.)
, 1000.)
, 1000.)
, 1000.)
, 1000.)
1
2
C
Q(3 )
Q(5
Q(7
0(13)
Q( 15)
0(17)
(27)
08/43/45
Q(4
0(6
Q(8
Q(14)
Q(16)
0(18)
Q(28)
C
C
1
2
3
4
5
C
3
DPFP =
1 +
2 +
,F
A-8
G LEVEL 20 M A TN
04
DATE = 72100 08/43/45
3
C
P(3 )
P(5 )
P(7 )
P f13)
P( 15)
P ( 17)
P(2t7)
(Q(27) - OH(27)))
P(4 ) + DPHU * 1333.
P(6)
P(8 ) + nPHO * 1333.
P(14) + DPP11 * 1333.
P(1
P(2
C
POUT(3 )
POUT(5
POUT( )
POUT(13)
POUT( 15)
PUT (17)
POUT (27)
C
CALL PRANC(
1
2
POUJT(3P) =
6)
8)
9)
+ DPPD * 1333.
+ DPFP * 1333.
P(3 )
P(5
P(7 )
P(13)
P(15)
P(17)
P (27)
/
/
/
/
/
/
1333.
1333.
1333.
1333.
1333.
1333.
1333.
PHY 1 ,RHY2 ,CHY
PHYPPR ,PT ,P(
PV, ZHY1, ZPPL,
P(38) / 1333.
C
CC FLOWS WITH FLOW GIVEN
C
CALL FUGEN(Q(1),T,NFG,PQFGSCFG)
C
CALL OP(
1
CALL OPN
2
CALL Q(
3
CALL OP(
4
CALL OPN
5
CALL QP(
6
CALL OP(
7
CALL QPI
4)
6)
8 )
14)
16)
18)
2?)
2,1
P,Q
2,1
PQ
2,1
,RPP1,RPR2,CPRRT.1,RT2,CTDTISW,
5),P(15) ,P(38), OHY, QPR,Q(38),
7T 1,ZHYV,7PRV,ZTVKOPPH(5),PH(15))
,PO,2 ,3 ,
,CAPAPH,P,QL,POUT,DT,DXPOH)
,MQ,5 ,5 ,
,CAP,APHR,QL,POUTDTDXROH)
,MQ,7 ,7 ,
P,0,CAPA,PH,P,QLP'UTDT,DXROH)
2,1,MQCo ,13,
PQ, CAP, A, PHR ,QLPJUTDTDXROH)
2,1,MO,15,15,
P,Q,CAP ,APH ,pQL ,P3UT,DTDX,RH)
2,1,MQ,17,17,
P ,Q ,CAP,A,PHP,QL,PIUT ,T, DX,Rp'OH)
2,1,MO, 19,27,
P, ,CAPA,PHP,OL, PlUT , TDXROH)
2,, CA,2 ,0 , P T
P,0, CAP, APH,R,0L,PlUTDTDX,ROH)
Q(3
0(5 )
Q(7 1
Q(13)
0(15)
0(17)
Q(27)
- QHY
- QPR
C
GO TO 5
C
Iox,
-1 ,
l ox,
0x,
10x,
loX,
A-9
G LEVEL 20 MAIN DATE = 72100 08/43/45
FnRMAT S
100 FORMAT(12,8X,4F10.5)
101
102
103
1033
104
105
106
200
201
202
203
204
205
206
FORMAT
FOPMAT
FORMAT
FORMAT
FORMAT
FO RM AT
FORMAT
F1 RM AT
FORMAT
FORMAT
FORMAT
F 0R M AT
FORMAT
FORMAT
(I
(3
(6
(3
(5
(I
(5
l,9X, 11,9X, 2,8X,12, 8X, 2,8X, 12, PX,I2,PX,! 1)
Flo. 5)
F 10.7)
F10 .6)
(12, 8X))
1,9X,1 1)
F10. 5)
('1')
(LOX,
(LOX,
(LOX,
(LOX,
(lox,
(loX,
'CASE N'.',27X, I?)
'HEART RATE / TMAX',16XF4.1,'
'PRESSURE PULSE INPUT')
'FLOW PULSF INPUT')
'PERCENT AREA CHANGE / 50 MM-H
'MP = ',I1,24X,'M = ',1I1)
207 FIRMAT(loX,'------
?08 FORMAT(l0X,'MP 0
INEAR TERMS')
209 FORMAT(IOX,'MP I
ICLUDED')
210 FORMAT(40X,'M0 = 2
211 FORMAT(1OX,'DT = tF
1 'NPERIt = I,1
212 FORMAT(10X,'IKOPT = 4
1 ',I3,5X,'NL = 1,12)
213 FOPMAT(23X,
2131 FORMAT(23X,
214 FORMAT(IOX,
11C INPUT GI
215 FORMAT(23X,
16X,'SCFG
216 F'"PMAT(10X,
1 'J4
217 FORMAT(LOX,
1F7. 2,/
218 FORMAT
1
219 FORMAT(
1
220 Fr)RMAT(
221 FORMAT(
222 FORMAT(
12X)
223 FORMAT(
1'------
224 FORMAT(
225 FORMAT(
226 FORMAT(
227 FORMAT(
'KOPT = 1
'KOPT = 2
'INIT = 1
VEN',4X,'
24X,t ------ 1)
NO LEAKAGE' ,iIX,'MO
LEAKAGE INCLUDED
VISCOUS AND NONLINEA
6.4,2X,'DX =',F4.1,3X
2,/)
,l,' .. KOPT = 0
PIOT ONLY
TAB ONLY'
il,# e*, IN
NFG = ',13)
'INIT 1',3X,'FU
,F6 .2,1)
'11 = ',T2,4X,'J2
- ',12,4X, 'J5 = ',
'POH =',F5.2,3X,'X
'I)
IT = 0
/'F6.3)
Gv,3XF6.2,/)
= 0 NO VISCOUS OR NONLI
MO = 1 VISCOUS TFRM IN
R TERMS INCLUDED',/)
,"NX = ',13,7X,
TAB AND PLPT',3X,'KPRIM
NO FUNCTION GENERATOR OR
NCTION GENERATOR AND IC INPUT GIVEN',
= ',12,4X,'J3 =
12,3X,/)
MU = ',F5.3,2X,
0,12,4X,
'PO =',F7.2,3X,'PV =1,
/)
10X,'ARTfRY',12X,'Pl1',8X,'R2',6X,'COMP',8X,'Cl',PX,'C2',
8X,' C3')
loX, --- -- 12XI--f,8X,'I--# ,6X,'----t ,8X,1--', XW -- ,
BXI--,I/ )
LOX,'HYPOGASTRIC ',F8.3,2X,F8.3,2X,4(F8.5,2X))
10X,'PROFUNDA ',F8.3,2XF8.3,2X,4(F8.5,2X))
1OX,'FEM / POP',6X,'------- ---- 3(F8. 5,
'TIBIA VFSSELS ',F8.3,2XF8.3,2XF8.5,3X,'-------' ,3X,
x , ---------,/ ,/)
'NONDIMENSIONAL PARAMETERS' ,/,/)
'MEAN INPUT PRESSURE = ',F7.3)
'CHARACTERISTIC LENGTH = ',F7.3)
'CHARACTERISTIC COMPLIANCE = ',F7.4,/,/)
C
C
C
C
,
(
'v) A!A-10
' G LFV7L 20 IAI . DATE = 72100 08/43/45
22 F)PMAT(
1
220 FORMAT(
2
230 FORMAT(
3
231 FORMAT(
232 FORMAT(
233 FORMAT(
234 FORMAT(
300 FORMAT(
301 FC0PMAT(
1
2
LOX, 'LOCATIN',11X,'RETA'
'CAM',pX, 'VP')
loX, '----------,--p---
1--98XF 
-1,/)
10X,'MAIN ARTERY ',F7
S-------I,3XF7.3,3X,
IOX,'HYPOGASTPIC ',4(
10X,'PROFUNDA 1,4(
LOX,'TIBIA VESSELS ',4(
lOX,'COMMENTSI)
'11')
5X,' O(' ,12,' )',3X,'P( ',12
,4X,'Q( ',12,' ),3X,'P( 'I
12,' 1 ',3X, 'P( ',2, ') ,4X,
302 FORMAT(5X,'-----',3X,'-----4X
2 '-------' ,2X, U-I,/ )
303 FDRMAT(3XF7.3,1X,F7.2,2X,F7.3,1
1 2XF7.3,?XF7.3,1X,F7.2,1
400
401
402
403
404
405
40 6
407
r-,RMAT( 1 1')
F'RMAT (LOX,
FORMAT(LOX,
FORMAT ( 1 3X,
FORMAT (/)
FORMAT(IOX,
F0lMAT(l0X,
FORMAT(20X,
72 CINTINUE
IRITF(6,400)
, RITE(6,401)
WPITE(6,402)
UP ITE(6,403)
WRITE(6,404)
WRITE05,405 )
WITF(6,406)
WRTE(6,407)
ST 7 P
END
PS IT ION ',5X, 'FLOWS'
2,6XF7.3,5X,F7.2)
QHY = ',F7.3,6X,'QPR
PHY = ',F7.2,6X,'PPR
PT = 1,=7.2)
,7X,'P',7X,'RI/R2',5X,'PE/R',6X,
,7X,-',7X,'-----, 5X,4----',6X,
.3,3XF7.3,3X,' ------- I3X
F7.3)
F7.3,3X)
F7.3,3X))
F7.3,3X) ,/,/)
,' ) ,4X, 'Q( ', 12, I 'I 3X, 'P(' , 12,' )'
2,')',5X,'QHY' ,6X,'QPR',5X,'Q(',
'PT',5X,'CYCTM',2X,'P')
---
',3X,'------',4X,' ----,X,
,5X,-------',3X,'------,4X,'--' ,5X,
X,F7.2,2X,F7.3,lXF7.2,2XF7.3,
X,F7.2,lX,F7.4,2X,I1)
,5X, 'PRESSUJRFS')
,5Xv - - -- - /
= ',F7.3)
- ',F7.2)
(I,N(T),PCUT( ),I = 1,NX)
CHYIQP
PHY,PPR
PT
C
C
C
G LEVEL 20 P9P
A-li
DATF = 72100 08/43/45
SUBROUJTINE PRTIP(NNFXIDX, TSWP,IEFG,NDA,ACAPQLLXLLAXAXFG,
1 P,A,CAPMCAP,R ,QLtR7H,PO ,XMU )
01MIFNSION A X(100),AXFC(100),A(100),CAP(100),CAPM(100),P(100),
I P (100),OL(1CO)
IF(ISWP)1,1,2
2 CONTINUE
IF(IFFG)3,3,4
4 CONTINUE
SC = NDA / 60.
NOAM = NDA + 1
READ(2,100)(AXFG(I), =
100 FnRMAT(5F10.5)
CO 5 N = NNF
X Xl + OX * (N - NI)
CALL FUGEN(AX(N),XNCA,
5 CONTINUF
GO TC ,
3 CONTINUE
1,NDAM)
AXFG, SC)
INITIAL OATA NBTA!NEC PY RAT NES - 9/71
no 6 N = N',NF
X = Xl + DX * (N - NI)
IF(X - 13.)7,P,8
7 CONTINUE
X(N) = .505 * FXP(- .1925 * SQRT(X))
GO TO 20
8 CONTINUE
X(N) = .327 * EXP( -.0206 * X)
20 CONTINUE
QL(N) = QLL / XLL / PC / 1333.
6 CONTINUE
1 CONTINUE
00 9 N = N1,NF
A(N) = AX(N) * (1. + ACAP * ALO(P(N)
CAP(N) = AX(N) * ACAP / 51.1 / P(N)
CAPM(N) = CAP(N) * 1333.
P(N) = 8.0 * 3.14 * XPU / A(N)**2
9 CINTINUF
RETURN
END
/ 1333. / PI) / 51.1)
C
C
C
C
C
C
A-12
G LEVEL 20 FUGEN DATE 72100 08/43/45
SUBRPOUTINE FUGEN(Y,X,t4)IV,Y G,SCALE)
C
CIMENSION YFG(100)
C
NMAX = ND0V + 1
I X*SCALE
11= I + 1
IF(Il - NMAX)700,701,701
701 11 = NMAX - 1
700 CONTINUE
12 = 11 + 1
FX1 11
FX2 = 12
Y = YfG(11)+ ((YFG(12) - YFG(1i))/(FX? - FXI))*(X*SCALE+1.0-FX1)
RETURN
END
A-13
G LEVEL 20 P DATE = 72100 08/43/45
SUBROUTINE OP(KlK2, K3,NN,N)IJT , P, 0, CAP, A,PH, RQL , PoUT, DT, DXR]H)
C
CIMENSION P(100),0(100),CAP(100),A(100),PH(100),R(100),OL(100),
1. POLT(100)
C
C
0r 20 N = NIN,NOUT
IF(Kl - 1)1,1,2
I CONTINUE
PRESSURE CALCULATIONS
IF(K2 - 1)3,3,4
3 CONTINUE
BACKWARD CALCULATED PPESSURE
IF(K3 - 1)5,6,6
5 CONTINUE
DO NOT INCLUCE LEAKACF IN RACKWARD CALCULATED PRESSUR
P(N) = P(N) - DT/DX/CAP(N)*(0(N) - Q(N - 1))
POUT(N) = .00075*P(N)
CO TO 20
6 CONTINUE
INCLUDE LEAKAGE IN BACKWARD CALCULATED PRESSURE
P(N) = (P(N) - nT/DX/CAP(N)*(Q(N) - Q(N - 1)))/
1 (1.0 + DT*QL(N)/CAP(N)
POUT(N) = .00075*P(N)
GO TC 20
4 CONTINUE
FORWARD CALCULATED PRESSURE
IF(K3 - 1)7,8,8
7 CONTINUE
DC NOT INCLUCE LEAKACE IN FORWARC CALCULATED PRESSURE
P(N) = P(N) - DT/DX/CtP(N)*(Q(N + 1) - O(N))
POUT(N) = .00075*P(N)
GO TO 20
8 CONTTNUF
INCLUDE LEAKAGE IN FCPWARD CALCULATED PRESSURE
P(N) = (P(N) - DT/DX/CAP(N)*(Q(N + 1) - O(N)))/
E
A-14
G LEVEL ?0 ap DATE = 72100 08/43145
1 (1.0 + DT*OL.(N)/CAP(N)
POUT(N) = .0C075*P(N)
GO TO 20
C
2 CONTINUE
C
C FLOW CALCULATIONS
IF(K2 -
9 CONTINUE
1)9,, 10
PACKWARD CALCULATED F LOW
IF (K3 - 1)11,12, 13
11 CONTINUE
C
C NO VISCOUS AND NONLI
C
Q(N) = Q(N) - A(N)/P
C TO 20
C
12 CONTINUE
C
VISCOUS TERN
0(N) = (0(N)
(1.0
GO TO 20
TE'MS IN BACKWARD CALCULATED FLOW
CI*DT/0X*(P(N) - P(N - 1))
INCLUDEC IN BACKWARC CALCULATED FLOW
- A(N)/RCH*DT/'X*(P(N) - P(N - 1)))/
+ P(N)*A(N)*DT/ROH
13 CONTINUE
VISCOUS AND NONLINEAR TERMS INCLUDED IN BACKWARD
X1 = 0(N) - A(N)/PIH*CT/PX*( P(N)
X2 - 2.O*DT/DX*Q(N)/A(N)
X2A = ?.0*DT/PX/A(N)*Q(N)*0(N
X3 = O(N)/A(N)**2*DTICX*(A(N)
X4 = - R(N)*A(N)*DT/RCH
CALCULATED FLOW
- P(N - 1))
- 1)
- (N - 1))
Q(N) = (Xl + X2A) / (1.0 - X2 - X3 - X4)
GO TO 20
10 CONTINUE
FORWARD CALCULATED FLCW
IF(K3 - 1)15,16,17
15 CONTINUE
C
C NO VISCOUS AND NONLINEAR TERMS
C
IN FOrPWARD CALCULATED FLOW
0(N) = Q(N) - A(N)/R&H*DT/DX*(P(N + 1) - P(N))
GO TO 20
)
C
C
C
C
C
C
C
C
C
C
C
C
C
C
OP
A-15
G- LEVEL 20 DATE = 72100 08/43/45
16 CONTINUE
VTSCOUS TERN INCLUDED IN FORWARD CALCULATED FLOW
Q(N) (Q(N)
1 (1.0
GO TO 20
- A(N)/RCH*DT/DX*(P(N +
+ P(N)*A(N)*DT/ROH
1) -P(N)))/
)
17 CONTiNUE
VISCOUS AND NONLINEAR TFR.MS INCLUDED IN FORWARD CALCULATED FLOW
X1 = Q(N) - A(N)/ROH*DT/DX*(
DOP = - CAP(N)*(P(N) - PH(N)
X2 = - 2.0*PQP*DT/A(N)
X3 = 0(N)/A(N)**2*DT/CX*(A(N
X4 = - R(N)*A(N)*DT/RCH
P(N + 1) - P(N))
)/PT - OL(N)*P(N)
+ 1) - A(N))
Q(N) = X1 / (1.0 - X2 - X3 - X4)
20 CNT INUF
RE TURN
END
C
C
CC
C
C
C
C
C
C
C
A-16
G LEVEtL 20 PRANC fATE = 72100 08/43/45
SUBRfOUTI NE
1
2
1PANC(RHY1,RHY2,CHYRPR1,RPR2,CPRRT1,RT2,CTDT,ISWB,
PHY , PPPPT, PH, PP, PTB, QHY, QPRQTB,
PVt7-Y1,ZPR1,IT1,ZHYVZPPVZTVKQPPHHPPH)
If( ISWB) 1,1, 2
2 CONTINUE
TSWB = 0
IF(RHY1)6,6,,7
7 CONTINUE
ZHYl = (PHYl + RHY2)
ZHYV = PV / (RHY2 *
6 CONTINUE
/ (RHYI
CHY)
* R1Y2 * CHY)
IF(RPR1)8,8,9
9 CONTINJE
ZPR1 = (RPR
7PRV = PV /
9 CONTINUE
I + RPR2) / (RPP1
(RPR2 * CPR)
T1 = (RT1 + PT2 ) / (RTI
ZTV = PV / (RT2 * CT )
* RPR2 * CPR)
* RT2 * CT)
1 CONTINU
FYPOGASTRIC
WF(RHY1) 10,1C,11
11 CONTINUE
ZHY2 = ZHYV 4 PH /
PHYH = PHY
PHY = (PHYH 4 ZHY2
1333. / RHYI / CHY
* CT) / (1.
QHY = (PH / 1333. - PHY) / RHY
GO TO 12
10 CONTINUE
PHY = PH / 1333.
QHY = CHY*SIGN(AMTN1(IABS((PH -
I + (PH/1333. - PV) / RHY2
12 CONTINUE
1
+ IHYI * DT)
PHH)/1333./DT),1500.),(PH-PHH))
PROFUNDA
IF(R PR1 ) 13, 13,14
14 CONTINUE
ZPR2 = ZPRV + PP / 1333. / RPR1 / CPR
PPRH = PPR
PPR = (PPRH + ZPR2 * CT) / (1. + ZPR1 * DT)
CPR = (PP / 1333. - PPR) / RPR1
GO TO 15
13 CONTINUF
PPR = PP / 1333.
QPR = CPR*SIGN(AMIN1(A8BS((PP - PPH)/1333./DT),4500.),(PP-PPH))
C
C
C
C
C
C
C
C
C
C
C
C
01-14-If f;."p
A-17
G LFVEL 20 FRANC DATE = 72100 08/43/45
1 + (PP/1333. - PV)/RPR2
15 CONT INUE
C
C TIRIA
C
PTH = PT
IF(KOP )3, 3, 4
3 CONTINUE
zT2 = 7TV + PTR / 1333. / RT1 / CT
PT = (PTH + ZT2 * DT) / (1. + 7TI * DT)
OTS= (PT9 / 1333. - PT) / RTU
GO TO 5
4 CONTINUE
VTBM = (QTB*RT2*OT + (TR*PTI*DT + PV*DT + QTL*RT2*QTB*C'
1 + PTH*CT*RT2) / (PT + RT2*CT)
PT= PTBM * 1333.
PT = PTBM - RT1*QTR
5 CONT INUE
C
RETURN
END
APPENDIX B
% Area Reduction as a Function of Clamp Opening
B-1,B-2
DC ~~ CLAMP GAP
DCo~'j CLAMP GAP (NO OBSTRUCTION)
FLATWALL ASSUMPTION
% OBS = (I -DC/Dco) -100
C.__Dc/2.
SARTERY PERIMETER ASSUMED
CONSTANT THROUGHOUT CLAMPING
ELLIPTICAL ASSUMPTION
EL
0/
LIPSE
OBS - CALCULATED
WITH
ELLIPTICAL
INTEGRAL
PROGRAM
* ARTERY PERIMETER ASSUMED
CONSTANT THROUGHOUT CLAMPING
-o
DC
100-0 ---- ELLIPTICAL ASSUMPTION
FLATWALL ASSUMPTION
0-
60-
~OlO
OOle40
1.0 0.8 0.6 0.4 0.2 0.0
Dc/Dc
APPENDIX C
PPR Electrical Drawings and Specifications
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MEDICAL GLOSSARY
A
anastomosis
aneurysm
angina
aorta
arteriole
atheroma
auscultation
A communication between two vessels.
A sac formed by the dilatation of the walls on an artery.
(pectoris) A paroxysmal thoracic pain, with a feeling of
suffocation, due, most often, to anoxia of the myocardiam.
The main trunk from which the systemic arterial system
proceeds. It arises from the left ventricle of the heart.
A minute arterial branch, especially one just proximal
to a capillary.
Arteriosclerosis with marked degenerative
(sebaceous cyst).
changes
The act of listening to sounds within the body.
B
brachial artery
bruit
cannula
capillaries
Artery in the upper arm.
A sound or murmur heard in auscultation, especially
an abnormal one.
C
A tube for insertion into the body.
Minute vessels that connect the arterioles and venules.
carotid artery
The principal artery of the neck.
catheter
A tubular surgical instrument for withdrawing fluids
from a location in the body.
claudication
A complex of symptoms characterized by absence of pain
or discomfort in a limb when at rest, the commencement
of pain, tension, and weakness, after walking is begun,
and the disappearance of the symptoms after a period
of rest. Ischemic muscle pain.
coarctation
A malformation characterized by deformity of the
aortic media, causing narrowing, usually severe, of
the lumen of the vessel.
D
diastolic pressure
Systemic pressure (generally the lowest valve) in the
cardiac cycle when the ventricles are relaxed.
diuresis
Increased secretion of urine.
E
edema
The presence of abnormally large amounts of fluid in
the intercellular tissue spaces of the body.
embolus
A clot or other plug brought by the blood from another
vessel and forced into a smaller one so as to obstruct
the circulation.
endarterectomy
Excision of the thickened, atheromatous tunica intima
of artery.
F
femoral artery
Major artery in the thigh.
hematoma
A tumor containing effused blood.
hypertension
Commonly called high blood pressure. An unstable
or persistent elevation of blood pressure above the
normal range, which may eventually lead to increased
heart size and kidney damage.
hypogastric artery
An artery feeding the pelvic and groin area. Also
called internal iliac artery.
iliac artery
Major artery in the ilium.
inguinal ligament
Ligament in the groin.
in vitro
In a test tube (not in the living body).
in vivo
Within the living body.
ischemia
Deficiency of blood in a part, due to functional
constriction or actual obstruction of a blood
vessel.
L
lipid
Any one of a group of organic substances which are
insoluble in water, but soluble in alcohol, ether,
chloroform and other fat solvents. The term embraces
fatty acids, neutral fats, steroids, and phosphatides.
lipoproteins
A combination of a lipid and protein, possessing the
general properties of proteins. Practically all of the
lipids of the plasma are present as lipoprotein complexes.
r").r V,
lumen
The channel within a tube or tubular organ.
lymphedema
Swelling of subcutaneous tissues due to the presence
of excessive lymph fluid.
metabolism
The sum of all the physical and chemical processes
by which living organized substance is produced and
maintained, and also the transformation by which
energy is made available for the uses of the organism.
myocardium
The muscular wall of the heart. The thickness of the
three layers of the heart wall, it lies between the
inner layer (endocardium) and the outer layer
(epicardium).
N
nausea
An unpleasant sensation, vaguely referred to the
epigastrium and abdomen, and often culminating in
vomiting.
normotensive
Characterized by normal blood pressure.
P
Palpation
The act of feeling with the hand; the application
of the fingers with light pressure to the surface
of the body for the purpose of determining the
consistence of the parts beneath in physical diagnosis.
paramedical
Having some connection with or relation to the science
or practice of medicine (not a physician).
pedal
Pertaining to the foot or feet.
peripheral vascular system
Considered all the arteries and veins except in
the heart itself.
plaque
Any patch or flat area.
plethysmograph
An instrument for determining and registering
variations in the size of an organ, part, or limb and
in the amount of blood present or passing through it
for recording variations in the size of parts and in
the blood supply.
popliteal artery
An artery in the posterior region of the knee.
post-mortem
After death.
profunda femoris
The deep femoral artery located in the thigh.
pulse pressure
The difference between systolic pressure and
diastolic pressure.
R
radial artery
An artery located in the forearm.
renal
Pertaining to the kidney.
roentgenogram
A film produced by an X-ray technique.
rubor
Redness, one of the cardinal signs of inflammation.
S
saphenous vein
A large superficial vein in the leg.
stenosis
Narrowing of stricture of a duct or canal.
systolic pressure
Arterial pressure in the systemic circulation
at the time the ventricles are fully contracted
(the highest pressure level).
T
thoracic outlet syndrome
Positional arterial obstruction caused by the
presence of a cervical rib.
thrombectomy
Removal of a thrombus (blood clot) from a blood
vessel.
thrombosis
The formation, development or presence of a blood
clot.
tibial vessels
Arterial blood vessels running from the lower
calf to the foot.
transmural pressure
The difference between arterial pressure and the
pressure surrounding the artery (generally
atmospheric pressure).
transcutaneous
Through the skin.
V
vasospastic
Spasmodic contraction of the blood vessels.
venous return
Blood flow returning to the heart through the venous
system.
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